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ABSTRACT 
 
A study revealed that between 37% and 69% of women wear high heeled shoes (HHS) on a 
daily basis (The Gallup Organization 1986) and this number has recently increased (Schneider 2009; 
Jacobs 2013). The fact that HHS can artificially increase the attractiveness of women and has made 
these shoes remain popular despite the negative effects surrounding them. This study aimed to 
examine the effects of heel height and heel contact area as shoe design factors, and shoe wearing 
experience as human factor on human static and dynamic balance. Using questionnaires, human 
perceptions of balance and discomfort were also investigated in this study. In total, 60 young healthy 
females consisting of experienced and inexperienced high heeled shoes wearers participated in a 
series of balance tests when they wore shoes with four different heel heights: 0 cm (flat), 4 cm (low), 
7 cm (medium), and 10 cm (high) with two different contact areas (A1, area = 1.33 cm² and A2, area 
= 0.80 cm²).  
In general, increasing heel height impaired human balance in terms of functional mobility and 
limits of stability especially starting from shoes with 7 cm heel height. However, participants were 
still able to keep their postural balance even with the highest heels in this study. To achieve this 
performance, they shifted the balance control strategy from the ankle to the hip, but still 
predominantly used the ankle strategy. Increased heel elevation caused the lower limb and lower back 
muscles to work harder, especially the calf muscles. Participants wearing higher heels also shifted the 
force and pressure distributed under the heel and mid foot regions to the forefoot and toe regions, and 
changed the center of pressure (COP) location more to the ball of the foot. During gait, increasing 
heel height caused them to have their center of mass (COM) of the body elevated and more fluctuated. 
They also had shorter COP path length, demonstrating an altered motion of the foot during walking. 
To compensate the restricted knee movement, they started to use an upper body control strategy with 
more flexible movements of the hips and elbow to maintain their balance when walking with higher 
shoes. Due to these unnatural positions, they had lower confidence in balancing their body and higher 
discomfort, especially on the lower leg and foot. Even though experienced wearers did not show 
significantly better balance performance, they had better stability limits in terms of maximum 
excursion and control of direction in the back and forward directions. They showed an adaptation 
effect, indicated by smaller loads and lower pressure under the forefoot region, and shifted their COP 
back to the heel as if they wore shoes lower than they actually were. They also used different muscle 
utilization and movement patterns that may provide them with better stability. Heel contact area did 
not affect the balance performance significantly. 
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From our results, it is recommended for young females to wear shoes with heel height lower 
than 4 cm since these shoes are within a person’s ability to maintain their balance and can be 
considered safe. Shoes with heel height higher than 7 cm could cause significant challenges to human 
balance performance and thus are not recommended. Regular high heeled shoes wearers are 
recommended to stretch and strengthen their calves regularly to counteract the intense activities on the 
calf muscles as a result of wearing high heeled shoes. It is also recommended for them to mix up the 
footwear and wearing flat shoes on some days in the week to prevent the shortening of calf muscle 
fascicle and stiffening of Achilles tendon. For the designers, it is important to consider the shank 
curve to redistribute the force over a larger area of the plantar surface of the foot when designing the 
shoes. Additionally, shoe cushions, pads, inserts or insoles are recommended to reduce the foot 
discomfort, especially if the intended height of the heel is higher than 4 cm. The findings can enhance 
the understanding of imbalance challenges imposed on the human body while wearing high heeled 
shoes and help to further establish safety footwear recommendations for improving human balance 
and fall prevention.  
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CHAPTER 1 
 
INTRODUCTION 
 
1.1 Research Background 
 
High heeled shoes have been a part of modern woman’s wardrobe since the mid-19th century. 
A study conducted by The Gallup Organization (1986) revealed that between 37% and 69% of women 
wear high heeled shoes on a daily basis, and this number has increased (Schneider 2009; Jacobs 2013). 
In another survey conducted by the American Podiatric Medical Association (2003), 72% of women 
stated that they wore shoes with heels two inches or higher and 82% of the respondents stated that 
they wore those shoes for fashion or style reasons, and the common result of wearing these shoes was 
foot pain. The other reasons of wearing high heeled shoes based on this survey are shown in Figure 1. 
 
 
Figure 1. Reasons of wearing high heeled shoes. Retrieved from 
http://www.nailsmag.com/article/456/high-heel-stats. Copyright 2009 by Nails Magazine.  
 
Strengthening these reasons is the fact that people judged the women wearing high heeled 
shoes more attractive than if they wear flat shoes, making these shoes remain popular with their 
ability to artificially increase the femininity of gait by reducing the stride length, increasing the 
rotation and tilt of the hips, and thus increasing confidence and attractiveness (Morris, White, 
Morrison and Fisher 2012). Models wearing high heeled shoes are easily found in fashion magazines 
and advertisements. However, the attractive promotions of wearing high heeled shoes do not come 
together with the consequences of wearing them. As common results of walking with high heeled 
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shoes, women often complain of pain, fatigue and heavy feeling on the legs. Musculoskeletal 
disorders such as plantar fasciitis, hallus valgus, ankle sprain and chronic low back pain may develop 
over time with the long-term wearing of high heeled shoes (Filho, Dezzotti, Joviliano, Moriya and 
Piccinato 2012; Ko and Lee 2013). Not only that, the wearing of high heeled shoes is also found to be 
disadvantageous for maintaining balance. By altering somatosensory feedback to the foot and ankle, 
these shoes are associated with increased risk of slips and falls (Menant, Steele, Menz, Munro, and 
Lord 2008; Oh, Chon and Shim 2010; Ko and Lee 2013). There have been numerous studies in 
biomechanical effects of wearing high heeled shoes, mainly on the musculoskeletal disorders, foot 
pressure distribution, lower extremity muscle activity, and gait kinematics, but little of them have 
focused on the balance challenges imposed on the high heeled shoes wearers. 
Having good balance is important to prevent falls and ensure safe and independent mobility. 
There are two types of balance: static and dynamic that we rely on in carrying out daily activities 
(Bressel, Yonker, Kras and Heath 2007; Kahle and Gribble 2009). Static balance is the ability to 
maintain a base of support with minimal movement, while dynamic balance is the ability to perform a 
task while maintaining a stable position. To maintain balance, a person uses information obtained 
from visual, vestibular and somatosensory systems and motor responses (Bressel et al. 2007; Sousa, 
Macedo, Santos and Tavares 2013). When the body is forced to make a postural alteration due to 
perturbation to the body, the balance is more challenged and if the body fails to compensate the 
postural changes, it may result in slips or falls. Wearing high heeled shoes caused an immediate 
temporary postural changes as the result of shifted center of mass (COM) (Pezzan, Sacco and Joao 
2009). Heel elevation decreased lumbar flexion angle, which could be interpreted as a compensatory 
mechanism to counteract the anterior movement of COM. This lumbar flattening creates a more 
unstable posture and sensation of falling forward that challenges human balance (Snow and Williams 
1994; Lee, Jeong and Freivalds 2001). High heeled shoes also found to alter the quality of afferent 
proprioceptive information, leading to interfere in balance and postural control (Gerber et al. 2012). 
However, even when the heel is raised thicker heels are usually more stable since the ground contact 
area is wider than with thin heel (Roncoletta and dos Santos 2012). Provided with a smaller base of 
support when wearing higher shoes and smaller contact area, women are typically more at risk of foot 
injuries that leads to slips and falls than men. Therefore, it is important to consider the heel contact 
area factor as one of the shoe design parameters in investigating human balance. 
Previous studies on high heeled shoes had major methodological limitations related to the 
shoes they used in their experiments. Henderson (2004) used flat sandals and open toed high heeled 
shoes to investigate the effect of high heeled shoes. Ebbeling, Hamill and Crussemeyer (1994) and 
Yung-Hui and Wei-Hsien (2005) used commercially available shoes that were similar in several 
design parameters. Speksnijder et al. (2005) had their participants walking in their own shoes. 
Without control on the shoe design parameters (shoe type, material, heel contact area and pattern, etc), 
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their experimental results could be biased. The effects of what they called “high heels” can be caused 
not only by the raised heel but also other confounding factors and the distinction between raised heel 
and high heels remains unclear. Besides, the challenges to human balance created by high heeled 
shoes have not been fully explored. Thus, this study provided standardized shoes with different heel 
heights and heel contact areas to examine the effects of these two design parameters on human 
balance. 
 Most musculoskeletal disorders develop gradually with the wearing of high heeled shoes and 
at the same time, the regular high heeled shoes wearers naturally become more experienced wearers. 
Only limited studies have been done to investigate the effects of habituation in the wearing of high 
heeled shoes. Opila-Correia (1990) found that biomechanical accommodations to high heeled shoes 
were varied between experienced and inexperienced wearers of high heeled shoes. During the stance 
phase, experienced wearers had much greater increase in knee flexion and less trunk rotations 
compared to inexperienced wearers. With the knee stays bent and the shin bone turns inward, the 
compressive force on the inside of the knee may cause knee abnormalities such as osteoarthritis. 
There were no differences in energy cost and changes in lower extremity mechanics between 
experienced and inexperienced wearers (Ebbeling et al. 1994). A long term wearing of high heeled 
shoes induced shortening of the calf muscle fascicles, increases Achilles tendon stiffness, and reduced 
the ankle’s active range of motion (Csapo, Maganaris, Seynnes and Narici 2010). Even though 
experienced wearers were found to compromise with muscle efficiency, they were consistent with 
reports of discomfort and muscle fatigue, hence the risk of strain injuries may also increase (Cronin, 
Barrett and Carty 2011). However, the repercussions of these changes on human balance are unknown. 
  With a smaller and more unstable supporting base that alter the lower extremities structure, 
the body may need to work harder to counter balance all the biomechanical changes when wearing 
shoes with higher heels and smaller heel contact areas. The body joint angles, moments of force and 
power, and muscle patterns need to be altered in order to provide stability. Hence, understanding on 
the effects of the shoe design parameters (heel height and contact area) and human factor (wearing 
experience) on the human balance in young female population is essential. The purpose of this study 
was to provide a better picture of the effects of shoe heel height, heel contact area and wearing 
experience on human static and dynamic balance by examining their effects on postural stability, 
functional mobility, limits of stability, 3D gait kinematics and center of mass, muscle activities and 
plantar pressure among healthy young females. Subjective perception of balance and discomfort were 
also studied to enhance the understanding of the biomechanical challenges to human balance. 
 
1.2 Literature Review 
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Balance is an ability to maintain the center of mass (COM) of the body within the base of 
support with minimal postural sway (Shumway-Cook, Anson and Haller 1988). Posture reflects how 
we balance our body, hence it plays a vital role in our everyday life. To maintain proper posture, we 
need to have adequate muscle flexibility and strength, normal joint motion, and efficient postural 
muscles that are balanced on both sides of the spine (Moore, Dalley and Agur 2013). We would 
simply fall to the ground without a good posture and muscles that control it and prevent the forces of 
gravity from pushing us forward. Throughout the movements in doing activities, balance is normally 
managed by neuromuscular and musculoskeletal systems. We do not consciously maintain normal 
posture to carry simple movements until we face a danger of falling or slipping. Visual, vestibular and 
somatosensory systems work in harmony to keep the body balance during standing and walking. 
These systems must coordinate and detect changes of spatial orientation whether the body moves or 
the base is altered. As the environment changes, this postural control is also challenged. The use of 
high heeled shoes alters variables that affect body’s stability. Since these variables contribute to the 
maintenance of the static equilibrium of the body, a change in any of these variables such as ground 
friction, form of the base of support, center of pressure (COP) of the feet on the ground and height of 
center of mass (COM) can consequently lead to a change in balance in bipedal stance (Cho and Choi 
2005; Ko 2009; Pezzan et al. 2009). High heeled shoes also influenced the balance and muscle 
activities during walking by altering the gait pattern, leading to a higher falling rate among women 
(Melton 1988). This is an example of how an external environment changes, such as changes in shoe 
parameters (an increase of heel height or a smaller heel contact area of the shoes) can affect human 
balance.  
Balance training studies demonstrated that balance skills can be improved in healthy 
individuals in any period of life (Gollhofer, Taube and Nielsen 2012). One of the ways to improve our 
balance is through training and retraining of motor skills and motor tasks, applying motor learning 
theory. Schmidt (1988) defined motor learning as “a set of processes associated with practice or 
experience leading to relatively permanent changes in the capability of responding”. In this sense, 
women that wear high heeled shoes regularly probably develop their experience unconsciously and 
they might have some changes that affect their control of balance. Therefore, understanding the 
challenges from both external and internal constraints on human balance is important. A 
biomechanical study on the effects of external and internal factors on human balance can enhance the 
understanding in the balance mechanism of the musculoskeletal systems to maximize body stability in 
a static and dynamic environments. The biomechanical effects of wearing high heeled shoes reported 
in previous studies will be reviewed in this section. 
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1.2.1 Kinetics Effects 
High heeled shoes have been shown to reduce ankle moment due to the increased plantar 
flexion angle, increase the knee moment and the peak abduction moment to stabilize the joint, and 
increase hip adduction moment magnitude, leading to an increase in overall muscle work (Esenyel, 
Walsh, Walden and Gitter 2003). To create tension to achieve plantar flexion motion, the triceps surae 
muscles have to shorten concentrically, resulting in insufficient muscle shortening capacity to create a 
proper motion. The muscles need to produce more force to achieve the same moment of force (Lee, 
Shieh, Matteliano and Smiehorowski 1990). When walking with high heeled shoes, our hip flexor 
muscles (mostly inner hip muscles and anterior compartment of thigh) are forced to work harder and 
longer because our feet are held in a downward position and have reduced power to move our body 
forward. These muscles can be shortened and a contracture may occur if they are overused. The 
reduction in hip flexor moment increased knee extensor muscles activity (Stefanyshyn, Nigg, Fisher, 
O’Flynn and Liu 2000). These extensor muscles are quadriceps femoris, rectus femoris, vastus 
medialis, vastus lateralis, and vastus intermedius. The knees also present with a moderate flexion, 
requiring a constant flexion of the quadriceps mucles (Mandato and Nester 1999; Cimmino and 
Parodi 2004). Eletromyographic studies reveal changes in muscle activities pattern when wearing high 
heeled shoes. Wearing high heeled shoes increased lower extremity muscle activities and their fatigue 
level (Gefen, Megido-Ravid, Itzchak, and Arcan 2002; Simonsen et al. 2012; Srivastava, Mishra, and 
Tewari 2012). Basmajian and Bentzon found (1954) that gastrocnemius lateralis muscle maintained 
constant contraction in high heeled shoes (6 cm) compared to barefoot condition. Joseph (1986) and 
Lee et al. (2001) discovered an increase in tibialis anterior muscle activity with increasing heel heigh 
that may contributing to the ankle joint stability and reducing the pronation moment. Lee et al. (1990), 
Lee et al. (2001), and Stefanyshyn et al. (2000) found a higher activity in erector spinae muscle during 
walking in high heeled shoes.  
Gefen et al. (2002) found that the habitual high heeled shoes wearers were less able to endure 
fatigue in the peroneus and gastrocnemius medialis muscles, which was appear to be caused by the 
adaptation of the lower limb muscular systems as reported by Lee et al. (1990). The habitual wearers 
were also found to have imbalance in gastrocnemius medialis and gastrocnemius lateralis activity, 
possibly due to shortened muscle fibers length when the heel is raised. During sit to stand activity or 
walking, the activity of vastus medialis and vastus lateralis muscles were increased as the heel height 
increased, which may contribute to a potential change of the knee joint muscles (Edwards, Dixon, 
Kent, Hodgson and Whittaker 2008; Park, Chun, Oh, Kim and Chon 2010).  
Plantar pressure studies found that high heeled shoes increase the maximum peak pressure, 
total pressure and duration of pressure under the medial forefoot and impact force during gait (Yung-
Hui and Wei Hsien 2005; Speksnijder, vd Munckhof, Moonen and Walenkamp 2005). The increased 
impact force during gait increased the dynamic loads on the musculoskeletal system (Voloshin and 
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Loy 1994). Mandato and Nester (1999) reported an increase of 63% in medial forefoot peak pressure 
when comparing sneakers to 2 inch heels. Increasing heel height shifted the pressure from the heel 
and mid foot regions to the forefoot regions. With higher heels, women would have the cavus-type of 
higher arch, resulting in lower peak pressure in the mid foot and shifting it to the medial forefoot. The 
shifted pressure may lead to foot discomfort and may cause plantar fasciitis (Morag and Cavanagh 
1999; Yung-Hui and Wei-Hsien 2005).  
 
1.2.2 Kinematics Effects 
Previous studies observed changes when the foot is positioned in a high heeled shoe. Ankle 
joint axis moves anteriorly, the line of gravity moves posteriorly toward the ankle joint, and the foot 
becomes shorter as the result of rising arch (Schwartz and Heath 1959; Mandato and Nester 1999). 
The feet are in plantar flexed position when wearing high heeled shoes, and when combined with 
laterally deviated subtalar joint axes the feet are at risk of inversion ankle injury. Wearing high heeled 
shoes places the calf muscles in a shortened position. Ebbeling et al. (1994) found that the ankle joint 
is not able to gain a dorsi flexed position from its plantar flexed position with heel heights more than 
7.62cm. High heeled shoes also alter three-dimensional kinematics during gait. The plantar flexion at 
heel strike and toe-off increased significantly, along with decreased eversion as the heel height 
increased. The alteration of ankle function makes the knee and hip must compensate to maintain 
stability during walking.  
The maximum knee flexion angle and the hip flexion angle during the stance phase were 
significantly increased with increasing heel height (Snow and Williams 1994; Ucanok and Peterson 
2006). When the pelvis tilts forward as a result of increasing heel height, the center of gravity of the 
body will move forward as well. To reposition the center of gravity so that it is vertically balanced, 
the upper torso will have to move backward (Akamine 2012). The increased knee flexion is a 
counteractive measure to offset the forward movement of the COM (Stefanyshyn et al. 2000). The 
mean values for knee flexion-extension was decreased when wearing high heeled shoes (Gehlsen, 
Braatz and Assmann 1986), reducing the amplitude sine wave pattern of the COM.  
 
1.2.3 Posture and Balance Effects 
1.2.3.1 Gait and postural stability 
As described before, postural stability is the ability to maintain the center of body mass (COM) 
within the base of support with minimal sway (Shumway-Cook et al. 1988). A certain amount of sway 
is essential and inevitable due to small perturbations within the body or from external triggers. Horak 
and Nashner (1986) described three postural response strategies, ankle strategy, hip strategy and step 
strategy that we could use to maintain equilibrium (see Figure 2). 
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Figure 2. Ankle, hip, and step strategy. Reprinted from Dizziness and Balance Disorders: An 
Interdisciplinary Approach to Diagnosis, Treatment, and Rehabilitation by L.M. Nashner, 1993. 
Copyright 1993 by L.M. Nashner.  
 The ankle strategy moves our body’s COM with torques primarily at the ankle and the knee. 
This strategy applies in quiet stance and during small perturbations. The hip strategy adds hip torque 
to the ankle and knee torque and applies in ore perturbed situations or when the ankle muscles cannot 
act. The step strategy can be distinguished by asymmetrical loading and unloading of the legs to move 
the base of support under the falling COM (Horak, Henry and Shumway-Cook 1997).  
However, when we want to move our body over the ground, the task is no longer maintaining 
the body’s COM within the base of support, but to move the body outside the base of support and yet 
prevent falling. The control of balance during steady-state walking is not an easy task. Human 
locomotion consists of multiple subtasks that have to be fulfilled at the same time. During walking, 
we have to generate continuous movement to progress toward a destination, maintain equilibrium 
during progression, adapt to any changes in the environment or other concurrent tasks, initiate and 
terminate locomotor movements. A stable movement of our locomotor unit to carry us to a desired 
location can be defined as normal gait. Normal gait satisfies the ability to assume an upright posture 
and maintain balance, initiate and maintain rhythmic stepping and generate muscle strength efficiently 
and effectively in various environment (Perry 1992; Wollacott and Tang 1997).  
During quiet standing, postural sway reflects the interplay between destabilizing forces acting 
on the body and actions by the postural control system to prevent a loss of balance (Pavol 2005), and 
postural stability is a foundation of our ability to walk independently. Impaired balance has been 
correlated with an increased risk of fall (Melzer, Benjuya and Kaplanski 2004), in which may occur 
when demands on the body are greater than our capability. Risk factors of fall can be broadly 
classified into three categories: intrinsic factors, extrinsic factors and exposure to risk. Published 
studies have identified risk factors for falls and related injuries, especially for elderly population. 
Deteriorations in postural stability and gait abnormality are the major cause for falls. Therefore, these 
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are essential components that people use to assess ability to balance during physical activities and the 
efficiency of interventions for balance improvements (Berg, Wood-Dauphinee, Williams and Maki 
1991). In a normal stance, the body create a 90 degree angle with the floor, but when standing in high 
heeled shoes, the posture changes so that the back is arched, the pelvis and chest are thrust forward, 
the buttocks sticks out and the calf muscles tighten (Kerrigan et al. 2005). Posture is the composite of 
the position of all the joints of the body at any given moment. The increase of the heel makes the body 
to tilt forward, decreasing the angle made with the floor and give the body more slant. The body will 
do a series of joint adjustments to maintain a normal stance, creating the curved high heeled stance. 
Gerber et al. (2012) found that high heeled shoes had a negative effect on human standing balance, 
leading to an increased in oscillation of COP in the anteroposterior and mediolateral directions. These 
shoes altered the quality of afferent proprioceptive information that may interfere the balance and 
postural control. The type of high shoes was not found to affect the static posture in women (Iunes, 
Monte-Raso, Santos, Castro and Salgado 2008). The knowledge on gait and postural stability could be 
used to study human balance with when it is challenged with different shoe design parameters and 
regarding the experience of wearing high heeled shoes. These factors together may have either 
constructive or destructive effects on gait and postural stability.  
 
1.2.3.2 Center of Pressure (COP) and Center of Mass (COM) 
 Interpretation of the center of pressure (COP) and center of mass (COM) is a general method 
to evaluate postural stability either in healthy or balance-challenged individuals. The COP is defined 
as the point of application of the ground reaction forces under the feet. A shift of COP is an indirect 
measure of postural sway and thus a measurement of the ability to maintain balance (Benda, Riley and 
Krebs 1994; Lafond, Duarte and Prince 2004). The measure of COP were amplitude, path length and 
path area. Path is the length of the COP displacement trajectory (Winter 1995). Cho and Choi (2005) 
revealed that compared to barefoot condition, the displacement of COP increased in 200% and the 
velocity variation of COP grows two times in high heeled condition. 
The COM is an imaginary point at which the total body mass is assumed to be concentrated, 
which has to fall within the base of support for the balanced standing. During gait, the location and 
displacement of COM are not restricted within the base of support, but instead it moves in sinusoidal 
pattern which expected to be smooth throughout the gait (Perry 1992, see Figure 3). 
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Figure 3. The excursion of center of mass (COM) during one normal gait cycle. Reprinted from Gait 
analysis: normal and pathological function by J. Perry, 1992. Copyright 1992 by J. Perry.  
 
To prevent fall, the COM displacement must stay optimal. There are several factors that affect 
the shifting of COM during standing and walking, such as poor coordination of joint kinematic, 
limited sensory information, and changes in muscle co-contraction (Schepers, van Asseldonk, Buurke 
and Veltink 2009). The changes in COM could challenge the balance, and we need to do 
compensional movement to correct the changes. The COM changes can be measured by COM 
displacement or COM velocity during the gait. Previous studies found that increasing heel height 
raised and shifted the COM forward. During a typical gait, the range of vertical displacement of COM 
is not large, but thus COM displacement becomes larger with increasing heel heights, and thus make 
the wearers walk a more unstable posture (Ebbeling et al. 1994; Lee et al. 2001).  
 
1.2.3.3 Limits of Stability (LOS) 
Limits of stability is a measure used to determine the maximum distance a person can lean in 
a given direction without stepping, losing balance, or reaching for assistance (Newton 2001; Wallman 
2001). If our stability limits decrease, the area of support that we used to maintain balance during 
dynamic activities will also decrease. A fall may occur when the movement of our COM exceeds the 
available sway envelope. Therefore, a reduction in limits of stability increases the risk of fall resulting 
from a situation in which our balance is destabilized outside our area of control. The limits of stability 
performance measures are movement time and velocity measures, excursion measures, and directional 
control. Impairments in limits of stability may be attributed to cognitive processing, neuromuscular, 
musculoskeletal impairments, emotional overlay, or aphysiology (Rogers, Rogers, Takeshima and 
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Islam 2003; NeuroCom 2012). Studies on limits of stability were currently limited to elderly 
population. Hageman, Leibowitz and Blanke (1995) found that compared to young adults, elderlies 
had slower reaction time, less path accuracy and speed of movement that contributes to a reduction in 
maintaining postural control. With combined physical and sensory training, Islam et al. (2004) found 
that stability limits of elderly can be increased. It is unknown whether changes in shoe parameters 
with experience in wearing particular shoes would decrease people’s stability limits. 
 
1.2.3.4 Functional mobility 
Functional mobility is defined as the manner in which people are able to move around, 
perform activities of daily living, and for community participation (Forhan and Gill 2013). Functional 
mobility tests focus on maintenance of both static and dynamic balance. These tests are portable, 
inexpensive, and were proven to be useful for detecting balance impairment and changes in balance 
performance. The tests that are majorly used are functional reach test (FRT) and timed up and go test 
(TUG). FRT measures the maximal distance that we can reach forward beyond arm’s length while 
maintaining our feet in a standing position (Duncan, Weiner, Chandler and Studenski 1990). TUG 
measures the ability to perform sequential locomotor tasks that incorporate walking and turning, and it 
was proven reliable and correlated well with plantar flexor strength, gait performance, and walking 
endurance in subjects with chronic stroke (Morris, Morris and Iansek 2001; Ng and Hui-Chan 2005). 
Women between the age of 65 and 93 years performed worse on the FRT and they moved slowest on 
the TUG when they wore high heeled shoes. Further investigation is needed to see if the effects will 
remain the same on young women’s functional mobility. 
 
1.2.4 Other Effects of High Heeled Shoes 
1.2.4.1 Perceived balance and discomfort 
The fear of falling, refers to the lack of self-confidence to perform normal activities without 
falling, can have detrimental effects on physical function (Tinetti, Richman and Powell 1990). 
Balance confidence was found to associate with decreased mobility and performance. Reelick, van 
Iersel, Kessels and Rikkert (2009) found that older people with fear of falling adapted their gait. The 
slower gait velocity of those people may reflect a useful adaptation mechanism of balance 
optimization. Temporary gait and balance problems can be the results of pain, injury, trauma, and 
inflammation (Krucik 2013). For example, foot problems such as numbness causes difficulty to know 
where the feet are moving or whether they are touching the floor. Yung-Hui and Wei-Hsien (2005) 
found that increasing heel height caused higher foot discomfort during walking. Evaluation of balance 
and discomfort that people perceived during standing and walking with higher shoes might be 
important to further investigate the effects of people’s perception on how they maintain the balance. 
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1.2.4.2 Temporospatial parameters 
Previous studies on high heeled shoes revealed different results on temporospatial parameters. 
As the heel height increased, the stance duration was gradually decreased, and since it is related to 
cadence, the cadence was also decreased to maintain the balance during walking (Eisenhardt, Cook, 
Pregler and Foehl 1996, Esenyel et al. 2003; Ucanok and Peterson 2006). On the other hand, elevated 
shoes reduced walking speed, step and stride length, and increased double support time suggesting a 
decrease in stability are also widely suggested from previous studies (Adrian and Karpovich 1966; 
Merrifield 1971; Menz 2008; Park, Lee and Park 2013). Although Gehlsen et al. (1986) and Lee et al. 
(2001) also found that women walked slower with shorter strides and longer stance time, they found 
that the cadence remained unchanged. These studies have shown that the heel elevation resulted in a 
limited stability during gait among young and old women.  
 
1.3 Research Rationale 
 
Differences in the shoe design parameters such as shoe heel height and heel contact area 
would cause a different compensatory postural control, resulting in different balance performance 
either in static or dynamic situations. There are numerous studies that have been done to investigate 
the effects of high heeled shoes on biomechanics, gait, and posture of the wearers. Most of these 
studies were carried out to better understand the altered gait and static posture to find main causes of 
posture problems or musculoskeletal disorders (MSD) among females (Tencer et al. 2004; Ucanok 
and Peterson 2006). So far, however, there has been little discussion about the effects of these shoes 
to human balance. Literature studied the effects of the type of shoes, heel heights, shoe materials and 
construction are responsible for complaints from incorrect postures (Yung-Hui and Wei Hsien 2005; 
Speksnijder 2005). Most of the previous studies did not control these shoe design parameters so that 
the results they got from their experiment might be biased since the effects can be caused by 
confounding factors other than the heel height and heel contact area. Thus, this study used 
standardized shoes that differed only in the heel height and heel contact area to examine the effects of 
these two shoe design parameters on human balance. 
Biomechanical accommodations to high heeled shoes were found to vary with experience in 
wearing high heeled shoes and regular high heeled shoes wearers are more prone to musculoskeletal 
pain and muscle fatigue (Gefen et al. 2002; Esenyel et al. 2003; Filho et al. 2012). Csapo et al. (2010) 
reported that long-term wearing of high heeled shoes induces shortening of the gastrocnemius 
medialis muscle fascicles and increases Achilles tendon stiffness, reducing the active range of motion 
of the ankle. Experienced wearers were also reported to have much greater increases in knee flexion 
during the stance phase of high heeled gait, which may cause knee abnormalities such as osteoarthritis 
(Opila-Correia 1990). Schaefer and Lindenberger (2013) found that experienced wearers adapted their 
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walking more flexibly to shoe type and also when they were given different levels of cognitive load. 
During high heeled gait, they had more flexible adjustments of movement patterns. However, the 
consequences of these changes from HHS wearing experience for human balance function are 
unknown.  Therefore, it is necessary to investigate the difference between experienced and 
inexperienced high heeled shoes wearers in maintaining balance. The comparative study between 
subjects could provide an understanding on the biomechanical consequences of long term wearing of 
high heeled shoes and their postural adaptation. 
This study therefore provided an important opportunity to advance the understanding of the 
shoe design parameters effects on both experienced and inexperienced high heeled shoes wearers’ 
balance. The findings of this study may help to determine the cause of musculoskeletal problems and 
higher falling rate of young women who regularly wear high heeled shoes. The effect of higher 
stresses that the wearers put on their foot could possibly cause damage to the other body parts such as 
ankle, knee, and back. The higher falling rate and musculoskeletal consequences indicate important 
needs for an understanding of their effects on human balance, risk factors identification, and 
development of preventive strategies. Helpful recommendation on shoe heel height and contact area 
for healthy posture and better stability to reduce the musculoskeletal problems and falling rate can be 
made for those who work in the industries that require them to wear high heeled shoes for a long 
period daily such as flight attendants and runway models.  
 
1.4 Research Objectives 
 
The overall objectives of this study were to investigate the effects of shoe heel height, heel 
contact area, and high heeled shoes wearing experience on human balance. With better understanding 
of balance challenges imposed by the wearing of high heeled shoes, the findings of this study can help 
to further establish footwear recommendations for improving human balance and fall prevention 
without sacrificing the style. 
We have conducted three research studies which were focused on human static balance, 
human dynamic balance, and the subjective perception on human balance (study 1, study 2, and study 
3). In measuring static balance, we used several different measurements such as postural stability, 
functional mobility, muscle activities and plantar pressure. For dynamic balance, we used limits of 
stability, functional mobility, gait kinematics, muscle effort and muscle fatigue, and plantar pressure. 
The subjective perception on human balance was also provided to see how participants perceived their 
balance and discomfort and the relationship with their gait kinematics, muscle activities and fatigue, 
and plantar pressure changes when they walked with high heeled shoes during the experiment. It was 
hypothesized that as the heel height increased, 
a. Static and dynamic balance performance will decrease 
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b. Muscle activities and plantar pressure pattern will be altered 
c. Lower confidence in balancing and higher rank of discomfort especially in lower extremities 
Larger contact area may help the participants to increase their overall balance performance 
and provide more comfort in maintaining balance. Furthermore, it was hypothesized that the 
participants in inexperienced group will demonstrate greater changes listed above compared to the 
experienced group. The experienced group was expected to show some adaptation in maintaining 
balance and achieving a more stable gait and posture with some compensatory movements. 
 
1.5 Thesis Organization 
 
The structure of this thesis is presented in Figure 4. The five chapters of this thesis are 
summarized as follows: 
Chapter 1 introduces research background, literature review, research rational, and research 
objectives. The structure of the thesis is also provided in this chapter. 
Chapter 2 investigates the effects of shoe heel height, heel contact area, and wearing 
experience effects on human static balance (study 1). This chapter presents the experimental design 
and detailed procedures of the experiment. The results of the investigation are discussed. 
Chapter 3 investigates the effects of shoe heel height, heel contact area, and wearing 
experience on human dynamic balance (study 2). The section of this chapter introduces the method 
used to investigate human dynamic balance, the experimental results are presented, which is followed 
by the discussion of the outcome of this study. 
Chapter 4 presents the subjective perception on human balance (study 3). This chapter 
discusses the outcome of the study and overall discussion on research findings on the balance and 
discomfort perceived by human with different wearing experience when walking with different heel 
height and contact area of the shoes. 
Chapter 5 concludes the thesis by summarizing the main findings and re-addressing the 
research objectives, followed by a discussion on the limitations and future work of the current study. 
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Figure 4. Thesis outline. 
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CHAPTER 2 
 
HEEL HEIGHT, HEEL CONTACT AREA AND SHOE WEARING 
EXPERIENCE EFFECTS ON HUMAN STATIC BALANCE 
 
2.1 Objective 
 
The objective of this study was to investigate the effects of shoe heel height, heel contact area, 
and high heeled shoes wearing experience on human static balance. In measuring static balance, we 
used several different measurements such as postural stability, functional mobility with functional 
reach test, muscle effort and plantar pressure. It was hypothesized that as the heel height increased, 
the postural stability and functional mobility will decrease. The muscle activities and plantar pressure 
will also be altered when they maintain their postural stability. A larger heel contact area may not 
result in better overall balance performance, since the task in this experiment was only to maintain 
static balance. It was expected that the experienced group will show some adaptation in maintaining 
their postural control and have a better mobility than inexperienced group. 
 
2.2 Method 
 
2.2.1 Participants 
30 females aged from 18 to 30 years old were recruited as participants for this study. These 
participants were all healthy individuals who had no previous history of musculoskeletal disorders 
that restrict the range of lower extremity motion and were wearing shoes between size 23.5 and 25.0 
cm. We controlled the age group and shoe size to eliminate any possible factors that may influence 
the postural control. The participants were sorted into two groups, which were experienced and 
inexperienced high-heeled shoes wearers. In this study, an experienced wearer was defined as the 
individual who wears high-heeled shoes more than twice a week for at least 8 hours per day over one 
year (Ebbeling et al. 1994; Henderson 2004; Yung-Hui and Wei-Hsien 2005; Srivastava et al. 2012). 
A short questionnaire (see Appendix 1) was filled out by each participant to collect the information 
about her histories of wearing high-heeled shoes. This process was not only helpful to determine the 
type of participant, it was also needed for the recruitment process so the number of participants for 
each group can be determined. The questionnaire asked for frequency of wearing high heeled shoes, 
number of years, and the height of the shoe heel that participant frequently used. Participants’ 
characteristics are shown in Table 1. 
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Table 1. Participants' characteristic (Experiment 1) 
Characteristics 
Experienced 
(Mean±SD) 
Inexperienced 
(Mean±SD) 
P-value (experienced 
vs. inexperienced) 
No. subjects 10 20   
Age (yrs) 20.60 ± 1.62 20.05 ± 1.00 0.263 
Height (cms) 159.87 ± 4.98 163.86 ± 5.06 0.050* 
Weight (kgs) 55.17 ± 6.03 56.74 ± 11.04 0.681 
Shoe size (cms) 23.95 ± 0.55 24.00 ± 0.46 0.794 
High-heeled shoes wearing 
frequency (times/week) 3.46 ± 2.12 0.45 ± 0.76 <0.001* 
Note: * indicates significant difference (p<0.05) between the groups 
 
2.2.2 Instruments 
2.2.2.1 Experimental shoes 
In total, there were seven pairs of shoes used in this study. These shoes were women’s dress 
shoes with stiletto heel manufactured by CauseU (South Korea). There were four different levels of 
heel height: 0, 4, 7, and 10 cm and two different levels of heel contact area: A1 and A2 (see Figure 5) 
that we used for the experiment. Heel contact area A1 (area = 1.33 cm²) is larger than heel contact 
area A2 (area = 0.80 cm²). These shoes can be classified as flat, low, medium, and high heeled shoes 
(Lee et al. 2001; Yung-Hui and Wei-Hsien 2005). Except the flat shoes, these shoes had an identical 
style and design, and the heel pattern was kept the same. All of the shoes were prepared in woman’s 
size 23.5, 24.0, and 25.0 cm. 
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Figure 5. Experimental shoes (top) and heel contact area A1 and A2 (bottom). 
 
2.1.2.2 Pro Balance Master system 
Pro Balance Master System (Neurocom, Inc., Clackamas, OR) was used to measure 
participants’ postural control when they wore different shoes. This system provides objective 
assessment and retraining of the sensory and voluntary motor control of balance with visual 
biofeedback on either a stable or unstable support surface, utilizing a dynamic 18”x18” dual force 
plates with rotation capabilities to measure the vertical forces exerted by the participant’s feet (see 
Figure 6).  
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Figure 6. Participant stands on the PRO Balance Master system. 
 
To assess participants’ postural control, we utilized Modified Sensory Organization Test 
(MSOT). This test determines how well a person can maintain their postural stability under different 
sensory conditions (Neurocom, 2012). There were two measures that we used in this test. Equilibrium 
score quantifies the center of gravity (COG) sway or postural stability on each trial under the sensory 
conditions. Participants that are exhibiting a little sway will achieve equilibrium score near 100, while 
participants that are approaching their stability limits will achieve the score near zero. Strategy score 
is an indicator of the strategy that participants used to maintain balance during each trial of the MSOT 
is quantified by the relative amount of movement about the ankles and about the hips. Participants 
predominantly use ankle strategy to maintain their equilibrium, if their score is near 100, while a score 
near zero shows that participants predominantly use hip strategy. 
 
2.1.2.3 Electromyography (EMG) system 
For muscle activities recording, surface EMG sensors and a Myomonitor IV Wireless EMG 
System (Delsys Inc., Boston, MA) were used at a sampling frequency of 1000Hz. The sensors have 
1cm spacing which is spatially optimal for full-bandwidth signal detection, and a fixed inter-sensor 
distance that minimizes amplitude and temporal variability across measurements. The wireless EMG 
system sends EMG data over a wireless local area network (WLAN) to the host computer for real-
time display and storage, and provide a real-time EMG viewing on a desktop computer. 
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2.1.2.4 Plantar pressure measure system 
For plantar pressure measurement, F-Scan system (Tekscan, Boston, MA) was used at a 
sampling frequency of 100Hz. Paper-thin sensors were placed inside the shoes to capture dynamic in-
shoe pressure, force, and timing information for foot function and gait analysis. The wires connect the 
sensor and scanning electronics on the participant to the computer via USB port to a distance up to 
30.5 m. 
 
2.2.3 Experimental Design and Procedures 
The experimental design for investigating participants’ static balance is shown in Figure 7. 
Figure 7. Experimental design for the first experiment. 
 
Prior to the start of the testing, participants were given a detailed explanation of the study and 
signed an informed consent form before starting the experiment. When participants sign the consent 
form, complete anonymity and right to withdraw from the test were explained. After that, they were 
also asked to fill out a short questionnaire on the histories of wearing high-heeled shoes. Participants 
were asked to take off their shoes, socks, and clothes and put on the experiment socks and change into 
training suit provided by the experimenter. After that, we recorded participants’ characteristics 
included date of birth, body weight and height using InBoy BSM330 body height weight scale. 
 
2.2.3.1 Muscle activities recording preparation 
In total, six surface EMG electrodes were placed on participants’ body to record activities on 
lower limb muscles. Before placing the electrodes, we cleaned participants’ skin where the electrodes 
will be placed with alcohol. We palpated each muscle to make sure of the right location for electrodes 
placement. We applied fingers to the prospective location and provided some resistances for the 
participants and moved the fingers around until the accurate location of the muscle was found, shown 
by the difference in hardness from when the muscle was flexed to when it was relaxed. The six 
muscles (see Figure 8) and the methods in finding their locations were: 
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Figure 8. Locations of six investigated muscles. Retrieved from http://en.wikipedia.org/. Copyright 
2009 by Wikipedia. 
 
· Calf muscles (Gastrocnemius Medialis, Gastrocnemius Lateralis) 
First, we measured the leg circumference at one-third of the distance from the fibular head to 
the lateral malleolus. For gastrocnemius medialis muscle, the electrodes were placed at one-third of 
leg circumferential distance moving medially from the tibial crest (Knutson, Soderberg, Ballantyne, 
and Clarke 1994). 
· Shin muscle (Tibialis Anterior) 
The electrodes were placed over the muscle belly at a level equal to one-third of the distance 
from the fibular head to the lateral malleolus (Nardone, Romano, and Schieppati 1989). 
· Quadriceps muscle (Vastus Medialis, Vastus Lateralis) 
For the vastus lateralis, the electrodes were placed at an 80% imaginary line between the 
anterior posterior iliac spine and the lateral side of patella. For the vastus medialis, the electrodes were 
placed at an 80% imaginary line between the anterior-posterior iliac spine, and the joint line located in 
front of the anterior edge of the medial ligament (Fukuda et al. 2010). 
· Lower back muscle (Erector Spinae) 
The electrodes were placed bilaterally on the skin surface overlying the muscle bellies of the 
lumbar ES at the L3-4 spinal level (Delitto, Rose, and Apts 1987). 
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After finding the location of each muscle, we attached the electrodes to the skin surface using 
Delsys Adhesive Sensor Interface, perpendicular to the muscle fibers for maximum signal detection. 
Before the recording, we also attached the 3M EKG electrodes which were lined with a conductive 
medical grade adhesive on the anterior superior iliac spine (ASIS) as a reference electrodes. The 
participants were asked to extend and flex their joints where the wires were attached to make sure that 
they were comfortable and can freely move their body and were not pulling the electrode wires (see 
Figure 9).  
 
 
Figure 9. Attached electromyography electrodes. 
 
After that, they were asked to perform three trials of Maximum Voluntary Contraction (MVC) 
for all six muscles (see Figure 10), with familiarization of the testing actions before starting the trials.  
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Figure 10. Maximum voluntary contraction (MVC) for six investigated muscles. 
 
The descriptions of the tasks based on the muscle were: 
· Calf muscles (Gastrocnemius Medialis, Gastrocnemius Lateralis) 
The task for these muscles was plantar flexion (Riemann, Limbaugh, Eitner, and LeFavi 
2011). Participants were asked to stand 20 to 30 cm away from the table with their feet slightly apart 
and parallel, slowly lift their heels as high as they can based on the experimenter’s instruction and 
squeeze their calves and hold it for 3 s and then lower back to the floor to calm down in 3 s. 
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· Shin muscle (Tibialis Anterior) 
The task for this muscle was toe lift (dorsiflexion) (Konrad 2005). With the same posture and 
feet location as before, participants were asked to slowly lift their toes and forefoot off the ground as 
high as they can and squeeze at the top with pointing the toes to the ceiling and hold it for 3 s and then 
lower back to the floor to calm down in 3 s. 
· Quadriceps muscle (Vastus Medialis, Vastus Lateralis) 
The task for these muscles was knee extension (Purkayastha, Cramer, Trowbridge, Fincher, 
and Marek 2006). Participants were asked to sit in a chair with their back resting against the back of 
the chair. They were asked to slowly lift and extend their leg as straight as possible, squeeze at the top 
with pointing toes toward the head and hold it for 3 s, and then lower the leg back to the floor to calm 
down in 3 s. 
· Lower back muscle (Erector Spinae) 
The task for this muscle was back extension (Konrad 2005). Participants were asked to lie 
with face down on the mat and place their hands on their chin, and slowly lift their hands, shoulders, 
and legs off the mat and hold this lifted position for 3s and then lower back to the mat to calm down 
in 3 s. 
 
2.2.3.2 Plantar pressure measurement preparation 
Before starting the calibration, we had to make sure that the participants wore the experiment 
socks on their feet and we trimmed the sensor based on their shoe size. We placed the F-Scan sensor 
inside each shoe and asked the participants to put on the shoes with the sensor tab exit the shoe on the 
lateral side of the ankle. We had to make sure that the sensors and cuffs were secure so that the 
participant can walk freely without interference from the cables (Figure 11). Participants were then 
asked to do point calibration with lifting their left foot and hold it elevated, and do the same procedure 
for the right foot. 
 
BALANCE OF HIGH-HEELED WOMEN: EFFECTS OF HEEL HEIGHT, HEEL CONTACT 
AREA, AND SHOE WEARING EXPERIENCE 
24 
 
 
Figure 11. Attached F-scan sensors. 
 
2.2.3.3 Postural control and balance test 
Modified Sensory Organization Test (MSOT) was conducted on the PRO Balance Master 
system for each shoe condition to measure postural control and balance. Before starting the trials, 
participants’ height and birth date were inputted on the system. Participants were asked to stand on the 
platform and the experimenter helped them put on their safety belt with harness straps tight enough to 
prevent them fall, and loose enough to prevent a restricted movement. They were asked to stand on 
the platform base with their face facing forward. The experimenter helped them to center their feet on 
the force plate and position the medial malleolus of each foot to the center of the force plate directly 
over the center horizontal line. According to the information provided by the system based on the 
height information, the lateral calcaneus was positioned to the S, M, or T line. Participants were 
instructed to look straight ahead and stand as steady as possible with both arms beside their body. 
There were two conditions for MSOT: eyes closed with a fixed surface and eyes closed with a sway-
referenced surface. Each condition has three trials to perform. Before the first trial, participants were 
asked to get familiarized with the test. While performing MSOT, we recorded the activities on 
participants’ lower limb muscles and their plantar pressure data. After performing the tests for all shoe 
conditions with a short rest between them, we detached EMG and F-Scan sensors from their body 
while they took a rest to prevent fatigue. 
 
2.2.3.4 Functional mobility test 
We conducted Functional Reach Test (FRT) to assess participants’ functional mobility. FRT 
reflects their ability to maintain balance during a functional task. Participants were asked to start the 
FRT by standing with the feet at a comfortable distance apart, make a fist, and forward flex the 
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dominant arm to approximately 90 degrees. After that, they were asked to reach forward as far as 
possible without taking a step or touching the wall. The experimenter were then measure the distance 
between the starting and ending points using the head of the metacarpal  of the third finger as the 
reference point. Before starting the trials, they were asked to practice and get familiarized with the test. 
After finishing one procedure, they were asked to have a short rest and do the same procedure for the 
other shoe conditions (Figure 12). 
 
Figure 12. Functional reach test (FRT). 
 
2.2.4 Data Processing and Analysis 
2.2.4.1 Postural control 
PRO Balance Master system software is used to obtain the composite equilibrium score 
(CES), equilibrium score, strategy score, and somatosensory ratio when the participants did the 
MSOT. The MSOT measures how well a participant can maintain their postural stability under four 
sensory conditions: (1) Eyes open, fixed surface; (2) Eyes closed, fixed surface; (3) Eyes open, sway 
referenced surface; (4) Eyes closed, sway referenced surface. Equilibrium score is calculated by 
subtracting the difference between maximum (θ max) and minimum (θ min) anterior-posterior (AP) 
sway angle from the normal limit of the AP sway angle range, which is 12.5 degrees, and then divide 
it by the normal limit of the AP sway angle range, and multiply it by 100. The CES is the weighted 
average of the scores of all sensory conditions. The following formula is used to calculate Equilibrium 
score: 
           	     	(  ) 	= 	
12.5° − (θmax−	θmin	)
12.5°
 100 
           (1) 
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The CES is the weighted average of the scores of all sensory conditions. The following 
formula is used to calculate the CES: 
   =
  (1) +   (2) + 3[  (3) +   (4)]
8
 
        (2) 
Strategy score is calculated by subtracting 1 by the difference between the greatest shear force 
(SHmax) and the lowest shear force (SHmin) divided by the difference from a test group of normal 
subjects who used only hip sway to balance on a narrow beam, which is 25 lbs, and then multiply by 
100. The following formula is used to calculate the strategy score: 
        	     =	  1 −
     −      
25
  100 
          (3) 
Somatosensory ratio is reflected by the ratio between eyes open and eyes closed on a rigid 
surface. It compares the equilibrium score of condition 2 to the equilibrium score of condition 1. It 
quantifies the extent of stability loss when participant closes the eyes. It is important to investigate the 
changes in somatosensory ratio since this system allows us to sense joint position as well as pressure 
on the feet (Merla and Spaulding 1997). The following formula is used to calculate somatosensory 
ratio: 
             	     =
  (2)
  (1)
 
        (4) 
 
2.2.4.2 Functional mobility 
The maximum distance of three Functional Reach Test (FRT) trials were imported and 
averaged using Excel (Microsoft, Washington, USA). 
 
2.2.4.3 Muscle activities 
EMG data were processed using EMG Works 4.0 Analysis software (Delsys Inc, Boston, 
MA). Root mean square (RMS) amplitudes were calculated with windows length of 0.2s and windows 
overlap 0.1s. The averaged RMS value of each muscle for MSOT trials was then normalized to the 
averaged RMS value of each muscle for Maximum voluntary contraction (MVC) trials that were 
conducted for each subject to obtain the muscle effort of each muscle. The illustration of how EMG 
data was processed are shown below: raw EMG data from gastrocnemius medialis muscle of a typical 
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experiment subject when she walked in flat and high heeled shoes (see Figure 13), time window of 
0.2s RMS (see Figure 14), and normalization to RMS of gastrocnemius medialis muscle (see Figure 
15).  
 
 
Figure 13. Raw electromyographic signal of gastrocnemius muscle when walking with 0 cm shoes 
(top) and 10 cm shoes (bottom). 
 
Figure 14. Processed signal using Root Mean Square (RMS) of gastrocnemius muscle when walking 
with 0 cm shoes (top) and 10 cm shoes (bottom). 
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Figure 15. Normalization to RMS of gastrocnemius medialis muscle when walking with 0 cm shoes 
(top) and 10 cm shoes (bottom). 
 
2.2.4.4 Plantar pressure 
Plantar pressure data were processed using F-Scan Research software version 6.31 (Tekscan, 
Boston, MA). The foot region was defined by removing the toe region from each participant’s 
pressure-imaged footprint collected from the F-Scan system (Xiong, Goonetilleke, Witana, 
Weerasinghe, and Au, 2010). The foot was then divided into three regions equally: forefoot, mid foot, 
and heel (see Figure 16).  
 
Figure 16. Selected are of participants' pressure-imaged footprint (left) and definition of plantar 
pressure regions (right). 
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The Center of Pressure (COP) location of the foot, force distribution and peak plantar pressure 
for the three foot regions were obtained from the software. All data obtained from this software were 
normalized to allow comparison between subjects. COP location was normalized by participants’ foot 
dimensions, while force and pressure data were normalized by participants’ body weight. 
 
2.2.5 Statistical Analysis 
A mixed-factor analysis of variance (ANOVA) was conducted to check the effects of 
experience (2 levels, between-subjects), heel height (4 levels, within subject), and contact area (2 
levels, within subject). This ANOVA was conducted on each balance measure using Minitab 16 
(Minitab Inc., State College, PA, USA). A Bonferroni post-hoc test was conducted for the effect that 
was found significant, which the level was set 0.05. 
 
2.3 Results 
 
2.3.1 Postural Control and Balance 
Data analysis indicated that there was significant difference only in strategy score when 
participants wear shoes in a different heel height (P<0.001, see Table 2 and Table 3).  
 
Table 2. Full ANOVA table for equilibrium score 
Source of Variance 
Degree of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience)  28 14135.09 504.82 14.02 <.0001* 
Experience 1 53.50 53.50 1.49 0.2232 
Height 3 105.55 35.18 0.98 0.4028 
Experience*Height 3 243.45 81.15 2.25 0.0807 
Contact Area 1 1.78 1.78 0.05 0.8240 
Experience*Contact Area 1 0.31 0.31 0.01 0.9258 
Height*Contact Area 3 33.68 11.23 0.31 0.8169 
Experience*Height*Contact 
Area 3 35.44 11.81 0.33 0.8050 
Error 868 31248.77 36.00     
Total 959 145701.49       
Note: * indicates significant difference (p<0.05) 
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Table 3. Full ANOVA table for strategy score 
Source of Variance 
Degree of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience)  28 5478.65 195.67 19.29 <.0001 
Experience 1 0.64 0.64 0.06 0.8021 
Height 3 239.80 79.93 7.88 <.0001 
Experience*Height 3 6.32 2.11 0.21 0.8912 
Contact Area 1 0.92 0.92 0.09 0.7635 
Experience*Contact Area 1 5.63 5.63 0.56 0.4564 
Height*Contact Area 3 4.44 1.48 0.15 0.9323 
Experience*Height*Contact 
Area 3 12.14 4.05 0.40 0.7539 
Error 868 8806.69 10.15     
Total 959 36727.78       
Note: * indicates significant difference (p<0.05) 
 
During experiment 2, we did further investigation on postural control using somatosensory 
ratio and composite equilibrium score (ES score) in addition to the equilibrium and strategy score. 
However, we only used two pairs of shoes (4 cm and 7 cm heel heights) to investigate the heel contact 
area effect. Because of this reason, we conducted two separate ANOVAs using different sets of data 
to investigate the heel height effect and heel contact area effect. Analysis of variance results are 
summarized in Table 4; full ANOVA tables are given in Appendix E. 
 
Table 4. Analysis of variance results on postural control and balance measures 
Postural control and 
balance measures 
P-value 
Source of variance 
Equilibrium 
score 
Strategy 
score 
Somatosensory 
ratio 
ES 
score 
Experience 0.133 0.887 0.027* 0.091 
Height 0.582 <.0001* <.0001* 0.167 
Experience*Height 0.529 0.051 0.313 0.641 
Contact area 0.256 0.056 0.988 0.337 
Note: * indicates significant difference (p<0.05) 
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When the heel height reached 10 cm, the strategy score and somatosensory ratio were 
decreased. This indicates that the participants changed their motor response from a postural sway, 
known as ankle strategy, to an adjustment around knees and hips, known as hip strategy. As the heel 
height increased, participants’ ability to use input from the somatosensory system to maintain balance 
was significantly decreased (see Figure 17). 
 
 
Figure 17. Heel height effect on postural control and balance measures. 
  
Experienced high heeled shoes wearers had lower ability to use input from the somatosensory 
system when maintaining balance, shown by significantly lower somatosensory ratio (see Figure 18). 
 
 
Figure 18. Shoe wearing experience effect on postural control and balance measures. 
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2.3.2 Functional Mobility 
Data analysis indicated that the shoe heel height and experience of wearing high heeled shoes 
had significant effects on the distance reached while doing Functional Reach Test (FRT) (see Table 5). 
Full ANOVA table is given in Appendix E. 
 
Table 5. Analysis of variance results on functional mobility measures 
Functional mobility measure P-value 
Source of variance FRT (cm) 
Experience <.0001* 
Height <.0001* 
Experience*Height 0.366 
Contact Area 0.958 
Experience*Contact Area 0.116 
Height*Contact Area 0.307 
Experience*Height*Contact Area 0.723 
Note: * indicates significant difference (p<0.05) 
 
As the heel height increased, the maximum distance reached by the participants was smaller. 
Meanwhile, inexperienced wearers can reach farther while maintaining their base of support 
compared to the experienced ones (Figure 19). 
 
 
Figure 19. Heel height effect (left) and shoe wearing experience effect (right) on functional mobility 
measure. 
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2.3.3 Muscle Effort 
Data analysis indicated that shoe heel height affected all muscles’ effort significantly. The 
experience of wearing high heeled shoes had significant effects on the effort made on gastrocnemius 
medialis muscle (GM), tibialis anterior muscle (TA), vastus lateralis muscle (VL) and erector spinae 
muscle (ES) (see Table 6). Full ANOVA tables are given in Appendix E. 
 
Table 6. Analysis of variance results on muscle effort 
Muscle effort (%MVC) P-value 
Source of variance GM GL TA VM VL ES 
Experience <.0001* 0.277 <.0001* 0.065 <.0001* <.0001* 
Height <.0001* <.0001* <.0001* <.0001* <.0001* <.0001* 
Experience*Height <.0001* 0.114 0.079 0.017* 0.092 0.373 
Contact Area 0.437 0.571 0.579 0.868 0.534 0.824 
Experience*Contact Area 0.853 0.406 0.947 0.630 0.381 0.225 
Height*Contact Area 0.024* 0.018 0.780 0.017* 0.138 0.833 
Experience*Height*Contact 
Area 
0.351 0.013 0.904 0.084 0.231 0.375 
Note: * indicates significant difference (p<0.05) 
 
Increasing heel height increased the activities of all lower limb and low back muscles 
significantly, especially when the heel height reached 10 cm (see Figure 20).  
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Figure 20. Heel height effect on muscle effort. 
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Experienced high heeled shoes wearers have put more effort on GM compared to the 
inexperienced wearers, but on the other three muscles (TA, VL and ES), they have put less effort than 
inexperienced ones (see Figure 21).  
 
 
Figure 21. Shoe wearing experience effect on muscle effort. 
 
2.3.4 Plantar Pressure 
2.3.4.1 Force distribution 
The shoe heel height and experience in wearing high heeled shoes had significant effects on 
the force distributed under the toe, forefoot, mid foot, and heel of the wearers. Contact area of the heel 
only had significant effect on the force distribution under toe area (see Table 7). Full ANOVA tables 
are given in Appendix E. 
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Table 7. ANOVA table on force distribution 
Force distribution (% Body weight) P-value 
Source of variance Toe Forefoot Mid foot Heel 
Experience <.0001* <.0001* <.0001* <.0001* 
Height <.0001* <.0001* <.0001* <.0001* 
Experience*Height <.0001* 0.588 <.0001* <.0001* 
Contact Area 0.003* 0.979 0.118 0.522 
Experience*Contact Area 0.518 0.056 0.023* 0.019* 
Height*Contact Area 0.287 0.479 <.0001* 0.015* 
Experience*Height*Contact Area 0.254 0.747 0.188 0.197 
Note: * indicates significant difference (p<0.05) 
 
An increased heel height shifted the force distribution from the heel and mid foot regions to 
the forefoot and toe regions. From 0 to 10 cm high heeled shoes, the force distributed under heel 
region has become half (63.50% to 35.59% of body weight) and the force distributed under forefoot 
region has become doubled (21.22% to 49.83% of body weight) (see Figure 22).  
 
 
Figure 22. Heel height effect on force distribution. 
 
Experienced high heeled shoes wearers had a more even force distributed under their foot, 
indicated by smaller loads under toe and forefoot regions and higher load under the heel region (see 
Figure 23). 
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Figure 23. Experience effect on force distribution. 
 
With different contact area of the heel part, the only different found for force distribution only 
under the toe region. The force distributed under the toes was higher for shoes with larger contact area 
(A1) than with the smaller one (A2) (see Figure 24).  
 
 
Figure 24. Heel contact area effect on force distribution. 
 
2.3.4.2 Peak pressure 
Shoe heel height was found to affect the peak pressure under forefoot, mid foot and heel 
regions significantly while experience in wearing high heeled shoes also affected the peak pressure 
under the whole foot region. Peak pressure under the whole foot region, forefoot and heel regions 
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were affected by heel contact area significantly (see Table 8). Full ANOVA tables are given in 
Appendix E. 
 
Table 8. Analysis of variance results on peak pressure 
Peak pressure (kPa/kg) P-value 
Source of variance Overall Forefoot Mid foot Heel 
Experience 0.246 <.0001* 0.001* <.0001* 
Height <.0001* <.0001* <.0001* <.0001* 
Experience*Height 0.004* 0.133 0.001* 0.214 
Contact Area 0.005* 0.005* 0.160 0.018* 
Experience*Contact Area 0.261 0.176 0.065 0.927 
Height*Contact Area 0.169 0.104 0.001* 0.187 
Experience*Height*Contact Area 0.076 0.065 0.096 0.090 
Note: * indicates significant difference (p<0.05) 
 
As the heel height increased, the peak pressure location shifted from heel and mid foot 
regions to the forefoot region, doubling the pressure on the forefoot from 1.141 kPa/kg when 
participants wore 0 cm shoes to 2.587 kPa/kg when they wore 10 cm shoes (see Figure 25). 
 
 
Figure 25. Heel height effect on peak pressure. 
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Experienced high heeled shoes wearers had lower pressures under forefoot and mid foot 
regions, and higher pressure under heel region, indicating a reduced high heeled shoes effect (see 
Figure 26). 
 
Figure 26. Experience effect on peak pressure. 
 
For contact area effect, the pressure under forefoot and heel regions were higher when they 
wear shoes with heel contact area A2 (see Figure 27). 
 
 
Figure 27. Heel contact area effect on peak pressure. 
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2.3.4.3 Center of pressure (COP) location 
Significant changes were found in both mediolateral (ML) and anteroposterior (AP) directions 
of COP location with different heel height and wearing experience of high heeled shoes (see Table 9). 
Full ANOVA tables are given in Appendix E. 
Table 9. Analysis of variance results on center of pressure location 
COP location P-value 
Source of variance 
ML (% of 
foot width) 
AP (% of 
foot length) 
Experience <.0001* <.0001* 
Height <.0001* <.0001* 
Experience*Height 0.160 <.0001* 
Contact Area 0.676 0.440 
Experience*Contact Area 0.181 0.141 
Height*Contact Area 0.826 0.286 
Experience*Height*Contact Area 0.709 0.639 
Note: * indicates significant difference (p<0.05) 
 
As the heel height increased, the COP location moved to the medial and anterior side, towards 
the ball of the foot (see Figure 28-left). Experienced high heeled shoes wearers had their COP located 
more to lateral and posterior compared to inexperienced ones, reducing the high heeled shoes effect 
(Figure 28-right). 
 
BALANCE OF HIGH-HEELED WOMEN: EFFECTS OF HEEL HEIGHT, HEEL CONTACT 
AREA, AND SHOE WEARING EXPERIENCE 
41 
 
 
Figure 28. Heel height effect (left) and heel contact area effect (right) on center of pressure. 
 
2.3.5 Overall Experimental Results 
The overall experimental results are summarized in Table 10, where the effects from heel 
height, heel contact area and HHS wearing experience on human static balance are given. 
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Table 10. Overall experimental results for the first experiment 
Balance 
test 
Measures Heel height ↑ 
Contact 
area ↑ 
Experience 
↑ 
Postural 
balance 
(MSOT) 
Equilibrium score - - - 
Strategy score ↓ [H0=H4=H7>H10] - - 
Somatosensory 
ratio ↓ [H0=H4=H7>H10] - ↓ 
ES score - - - 
Functional 
mobility 
Functional reach 
(cm) ↓ [H0>(H4)>H7>H10] - ↓ 
Muscular 
effort 
RMS (%MVC) 
↑ GM [H0<H4<H7<H10] 
- 
↑GM                      
↓TA, VL, 
ES 
↑ GL [H0=H4<H7<H10] 
↑ TA, VM, VL, ES [H0=H4=H7<H10] 
Plantar 
pressure 
Force distribution 
(%BW) 
↓ heel [H0>H4>H7>H10] 
↑ toe 
↑ heel 
↓ mid foot [H0=H4>H10>H7] ↓ mid foot, 
forefoot, 
toe 
↑ forefoot [H0<H4<H7<H10] 
↑ toe [H0<H4<H7=H10] 
Peak pressure 
(kPa/kg) 
↓ heel [H0>H4>H7>H10] 
↓ heel, 
forefoot 
↑ heel 
↓ mid foot [H0=H4>H7=H10] ↓ mid foot, 
forefoot ↑ forefoot [H0<H4<H7<H10] 
COP location 
(ML direction) ↓ [H0>H4>H7=H10] - 
↑ more 
lateral 
COP location 
(AP direction) ↓ [H0>H4>H10>H7] - 
↑ more 
posterior 
 
2.3.6 Correlation Analysis 
Additionally, correlation analysis was done to assess the relationship between the postural 
control and balance measures and the anthropometric characteristics of the participants, such as body 
height, body weight, body mass index (BMI), and shoe size with significance level 0.05. We only 
conducted the analysis for the postural control and balance measures since these measures, especially 
the composite equilibrium score (CES), are direct indications of balance and they reflect the overall 
coordination ability of the visual, vestibular, and somatosensory system in maintaining balance. Since 
heel contact area did not affect the balance performance significantly, we only investigated the 
correlation for every level of shoe heel height. 
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Table 11 and Table 12 show the Pearson correlation coefficients between body height and 
body mass index (BMI) and the postural control and balance measures: equilibrium score, strategy 
score, somatosensory ratio, and CES. No statistically significant correlation was found between body 
height and all of the postural control and balance measures. The same results were found for body 
mass index (BMI). None of these measures was correlated with body mass index (BMI). 
Table 11. Correlation between body height and postural control and balance measures 
Postural control and 
balance measure 
Correlation coefficient (r value) 
Body Height (cm) 
0 cm 4 cm 7 cm 10 cm 
Equilibrium score 0.137 0.195 -0.061 0.143 
Strategy score -0.037 -0.084 -0.308 -0.261 
Somatosensory ratio -0.041 -0.018 -0.241 0.049 
CES 0.162 0.166 0.006 0.116 
Note: * indicates significant difference (p<0.05) 
  
Table 12. Correlation between body mass index and postural control and balance measures 
Postural control and 
balance measure 
Correlation coefficient (r value) 
Body Mass Index (BMI) (kg/m²) 
0 cm 4 cm 7 cm 10 cm 
Equilibrium score 0.207 0.171 0.181 0.28 
Strategy score -0.229 -0.27 -0.24 -0.276 
Somatosensory ratio -0.066 0.163 -0.192 0.211 
CES 0.219 0.165 0.207 0.272 
Note: * indicates significant difference (p<0.05) 
 
 The analysis revealed a week negative correlation between body weight and strategy score, 
for 7 and 10 cm heel height (see Table 13). It is demonstrated that when the heel height is high, 
participants with higher body weight had lower strategy score, indicating a shifted control strategy 
from the ankle to the hip to maintain balance. 
 
Table 13. Correlation between body weight and postural control and balance measures 
Postural control and 
balance measure 
Correlation coefficient (r value) 
Body Weight (kg) 
0 cm 4 cm 7 cm 10 cm 
Equilibrium score 0.256 0.252 0.122 0.343 
Strategy score -0.27 -0.34 -0.429* -0.432* 
Somatosensory ratio -0.086 0.151 -0.327 0.244 
CES 0.282 0.231 0.187 0.32 
Note: * indicates significant difference (p<0.05) 
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 For almost every level of heel height, shoe size were found to have statistically significant 
weak correlations with equilibrium score and CES (Table 14), by which is meant that the participants 
with bigger feet had less sway in maintaining postural balance. 
 
Table 14. Correlation between shoe size and postural control and balance measures 
Postural control and 
balance measure 
Correlation coefficient (r value) 
Shoe Size (cm) 
0 cm 4 cm 7 cm 10 cm 
Equilibrium score 0.382* 0.470* 0.326 0.591* 
Strategy score 0.164 0.186 0.101 0.214 
Somatosensory ratio 0.185 0.132 -0.009 0.149 
CES 0.361* 0.434* 0.338 0.555* 
Note: * indicates significant difference (p<0.05) 
 
2.4 Discussion 
 
The results of this study demonstrate that heel elevation resulted in increased activities of 
lower limb muscles and low back muscles but still resulted in worsen human static balance 
performance regardless of the wearing experience of high heeled shoes, especially starting from 7 cm 
heel height. We found that the participants put more effort on their calf muscles (gastrocnemius 
medialis and lateralis), shin muscle (tibialis anterior), thigh muscles (vastus medialis and lateralis) and 
low back muscle (erector spinae). These findings are consistent with previous electromyographic 
studies that have been done to investigate the changes induced by the wearing of high heeled shoes, 
which also reported increased activities of five lower extremity muscles with increasing heel height 
(Joseph 1968; Árnadóttir, Kjartansdóttir, and Magnúsdóttir 2011; Srivastava et al. 2012). Pannel 
(2012) and Lee, Jong, and Freivalds (2001) reported an increased activity on the erector spinae muscle 
with an increase in heel height, potentially caused by an unstable posture that results in compressive 
force in one’s low back when the subject maintains her balance on higher heeled shoes, which may 
also result in low back pain.  During the postural balance test, participant used ankle strategy 
predominantly, which was reflected by strategy scores higher than 90 (see Figure 15). When 
maintaining balance, lower leg muscles could be sufficient to support the movements around ankle 
and knee area. As a result, even though increasing heel height resulted in increased activities on all 
investigated muscles, calf muscles played more active role than the other muscles. This occurrence 
was reflected by the activities on both calf muscles (gastrocnemius medialis and lateralis), which were 
found within 20% of their MVC values. The activities of other muscles were less than 10% of their 
MVC values, even with the highest shoes used in this experiment (10 cm). As an explanation of these 
findings, increased activities in both calf muscles is a required response to help the eversion of the 
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heel that increased plantar flexion of the foot, and stabilizing ankle joint when wearing high heeled 
shoes (Gefen et al. 2002; Henderson 2004; Srivastava et al. 2012). Tibialis anterior muscle helps with 
the dorsiflexion of the foot and acts as the stabilizer of the ankle (Henderson 2004), thus the increase 
of its activity might contribute to the stability of ankle joints. Vastus medialis and lateralis mucles 
help with the extension of the legs. However, vastus medialis muscle is more activated when the leg is 
completely extended, which may explain why vastus lateralis muscle, the muscle that allows strength 
and stability, had higher activity compared to vastus medialis.  
The current study also found that increasing heel height shifted force and pressure distributed 
under heel and mid foot regions to forefoot and toe regions, which appeared to be in line with the 
findings of previous studies (Morag and Cavanagh 1999; Yung-Hui and Wei-Hsien 2005). These 
plantar pressure distribution changes also resulted in shifted locations of center of pressure (COP), 
both in mediolateral (ML) and anteroposterior (AP) directions towards the ball of the foot as the heel 
elevated. These findings can be explained by the stance and body position changes (McGinnis 2005) 
in order to overcome the decrease in stability when wearing high heeled shoes (Rexford 2000). 
Wearing higher shoes causes changes of the body angles and apparently these changes might possibly 
cause the weight of one’s body to shift forward and move her COP location towards the ball of the 
foot. COP that shifted to the medial side of the foot may result in a rotation moment and cause ankle 
sprain. Our results related to plantar pressure measures demonstrate that as heel height increased, one 
was able to maintain her postural stability by sliding the plantar pressure down and forward to the 
forefoot, using a smaller area to support her entire body weight. This abnormal weight shift can cause 
pain and swelling over this area, especially on the ball of the foot. 
The wearing of high heeled shoes impaired human static balance in terms of postural control 
and balance and functional mobility. We found a decrease in the strategy scores, demonstrating that 
the postural control strategy was gradually shifted from an ankle strategy to a hip strategy even 
though the ankle was still used predominantly. It is generally known that the first pattern in 
controlling upright body sway is ankle strategy, and when the condition becomes more unstable, an 
individual tends to shift the ankle strategy to a hip strategy (Fong, Tsang, and Ng 2012). Increasing 
heel height caused a woman to walk with a more upward displacement of center of body mass (COM), 
and this can be compensated by increasing the sway of her back to maintain balance (Rexford 2000; 
Cai, Xu, and Su 2012), thus, more usage of hip strategy which is shown in our result is consistent with 
previous findings. We also found that somatosensory ratio was decreased when the heel height 
reached 10 cm. To maintain balance, somatosensory system helps by making the body’s 
musculoskeletal framework aware of spatial and mechanical status in regards to sense of position, 
movement and balance (Merla and Spaulding 1997). This results are acceptable since instability 
caused by an inability to organize sensory information appropriately can be caused by environments 
where visual cues are diminished (darkness, lack of contrast), the surface is unstable or compliant 
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(sandy beach, boat deck), or conflicting visual stimuli are present (busy shopping mall, etc.) 
(Neurocom, 2012).  
Our findings show that the functional mobility was significantly impaired by the increase in 
heel height, especially when the heel height reached 7 cm. The shorter distance reached during 
functional reach test (FRT) may be caused by higher discomfort and unstable posture resulted from 
the higher shoes (Yung-Hui and Wei-Hsien 2005). In summation, the results from this study 
suggested that shoes with heel less than 4 cm should be fairly safe and still within a person’s ability to 
control her static balance. However, shoes with heel higher than 7 cm could significantly challenge 
the human balance control system and therefore not recommended for daily usage. The present 
findings seem to be consistent with other research which found that regular high heeled shoes wearers 
felt an inconvenience with heel height ranged from 6 to 9 cm (Lee et al. 2001).  
Further analysis on the correlations between participants’ anthropometric characteristics and 
the postural control and balance measures reveals that higher body weight caused them to shift their 
postural control strategy from ankle strategy to hip strategy, indicated by lower strategy score when 
the heels were higher than 7 cm. Previous study has found that overweight adolescents had poorer 
balance than those of healthy weight (Goulding, Jones, Taylor, Piggot, and Taylor 2003). Even though 
none of our participants were overweight, our results demonstrated an increased sway in participants 
with higher body weight, since the ankle strategy is a commonly used strategy when sway frequencies 
are low and disturbances of the COM are small within the limits of stability (O’Sullivan, Schmitz, and 
Fulk 2013). Shoe size was also found to be significantly correlated with equilibrium score. 
Participants with bigger feet had better postural control ability, indicated by higher equilibrium score 
and composite equilibrium score (CES). Previous study by Qiu and Xiong (2013) found that in 
general, bigger foot size resulted in lower mean sway velocity. Our results demonstrated that 
participants with bigger feet had less sway when maintaining their balance.  
Even though the physical arrangements of calf muscle fibers and gait characteristics have 
been reported to vary with the wearing experience of high heeled shoes (Csapo et al. 2010; Schaefer 
and Lindenberger 2013), very little were found in the literature pertaining to the effect of high heeled 
shoes wearing experience on human balance. After a direct comparison of the balance performance of 
experienced high heeled shoes wearers with that of the inexperienced wearers, the results show that 
the experience does not significantly improve overall balance performance in wearing high heeled 
shoes. Experienced high heeled shoes wearers had lower somatosensory ratio compared to 
inexperienced wearers. Somatosensory system is responsible for the senses of proprioception and 
kinesthesia of joints, information from skin and joints, spatial position and movement relative to the 
support surface, and movement and position of different body parts relative to each other. Low 
somatosensory ratio can be interpreted as dysfunction of the remaining somatosensory input that 
normally dominates the control of balance under fixed surface (Roceanu, Capris, and Bajenaru 2014). 
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However, with lower information from this system, experienced participants can maintain their 
balance as well as the inexperienced participants with higher somatosensory ratio. The wearing 
experience was found to provide certain advantages to postural stability in terms of plantar pressure 
measures. As previously mentioned, the wearing of high heeled shoes make the feet slide down and 
forward, causing the plantar pressure being concentrated on a smaller area which could possibly cause 
pain and swelling over this area. Experience of wearing high heeled shoes seems to help the wearers 
in reducing the high heel effect, indicated by smaller loads under the toe, forefoot and mid foot 
regions and higher load under the heel region. The center of pressure (COP) of experienced wearers 
was also located more lateral and more posterior compared to the inexperienced wearers. This 
standing behavior of experienced wearers can be considered adaptive, since they seemed to wear high 
heeled shoes lower than they actually were.  
Contrary to expectations, inexperienced wearers reached farther during functional reach test 
(FRT). This finding is possibly caused by two reasons: (1) participants in the experienced group are 
significantly shorter than those in the inexperienced group (P=0.049, see Table 1), which may be one 
reason for them wearing high heeled shoes regularly to appear taller. Shorter body stature is 
associated with shorter arms, which can possibly make it harder for these experienced wearers to 
reach farther during FRT; (2) shortened calf muscles, stiffen and thicker Achilles tendon of habitual 
high heeled shoes wearers reported by Menz, Morris, and Lord (2006) and Csapo et al. (2010) may 
make them suffer more muscle pain and aches to stretch their body and reach farther. However, the 
exact reasons should be investigated further. 
Another important finding was that experienced wearers exerted more effort only on one side 
of the calf muscles. They exerted more effort only on gastrocnemius medialis muscle, while on tibialis 
anterior muscle, vastus lateralis muscle and erector spinae muscle, they exerted less effort compared 
to the inexperienced wearers. The long-term wearing of high heeled shoes has been found to shorten 
the gastrocnemius medialis muscle fascicles as the effect of adaptation and thus, only one side of calf 
muscles of the experienced high heeled shoes wearers may act more intensively to produce the force 
needed to raise the foot. This can lead to asymmetric muscle activity and muscle fatigue (Gefen et al. 
2002; Cronin et al. 2012). However, it remains unclear whether or not wearing experience of high 
heeled shoes is a disadvantage for the wearers on the muscle effort, considering experienced wearers 
significantly less effort on the other three muscles. 
Larger shoe contact area only affected the force distributed under the toe region and the peak 
pressure under the heel and forefoot regions. The reason for this remains unclear but it may have 
something to do with the task for maintaining standing balance is not too difficult so another 
experimental study with a more dynamic and challenging task is necessary to confirm this result. Due 
to practical reasons, the current study was unable to analyze the difference between the center of 
gravity (COG) and center of pressure (COP), which has been recognized by a number of researchers 
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as the variable that provides a good assessment of spontaneous sway during quiet standing (Winter 
1995). Another limitation of this study is the unbalanced sample sizes between the experienced group 
(N1= 10) and the inexperienced group (N2=20) caused by the difficulty in finding experienced high 
heeled shoes wearers inside the campus, which might limit the statistical power of this study, 
especially while assessing the effect of shoe wearing experience.  
 
2.5 Conclusion 
 
In this experimental study, it was found that the heel elevation causes the lower limb muscles 
to work harder, shifts the force and pressure distributed under the heel and mid foot regions to the 
forefoot and toe regions, and changes the center of pressure (COP) location more to the anterior and 
medial side of the foot, but still results in worse human static balance regardless of the wearing 
experience of high heeled shoes, especially starting from shoes with 7 cm heel height. Experienced 
wearers do not show significantly better static balance performance, even though they use less input 
from the somatosensory system to maintain the same balance with inexperienced wearers. They also 
seem to reduce the high heel effect, indicated by smaller loads and lower pressure under the forefoot 
region, and shifts their COP back to the posterior and lateral side of the foot as if they wear shoes 
lower than they actually are. Experienced participants used significantly less effort on most muscles at 
the cost of more intensive effort from gastrocnemius medialis muscle, leading to asymmetric muscle 
activity. The findings in this study may enable us to understand the biomechanical challenges imposed 
on the human body while standing with higher heeled shoes better, and understand the experience 
effect to evaluate the regular high heeled shoes wearer populations more accurately.  
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CHAPTER 3 
 
HEEL HEIGHT, HEEL CONTACT AREA AND SHOE WEARING 
EXPERIENCE EFFECTS ON HUMAN DYNAMIC BALANCE 
 
3.1 Objective 
 
The objective of this study was to investigate the effects of shoe heel height, heel contact area, 
and high heeled shoes wearing experience on human dynamic balance. In measuring dynamic balance, 
we used limits of stability, functional mobility with timed up and go test, gait kinematics, muscle 
effort and fatigue, and plantar pressure. It was hypothesized that as the heel height increased, their 
functional mobility and stability limits will decrease, vertical location and displacement of COM will 
be higher and larger, ankle will display significant increase in plantar flexion from the raised heel and 
during gait, plantar flexion will be greater than dorsiflexion angle, and the changes in ankle will cause 
the knee and hip to compensate by decrease joint movements, and the elbow by increase joint 
movements, muscle activities and plantar pressure pattern will be significantly altered when they walk 
with higher heeled shoes. A larger contact area will not significantly increase overall balance 
performance, but it may provide certain advantages in some aspects of dynamic balance. It was also 
hypothesized that the participants in inexperienced group will demonstrate some adaptation in 
maintaining balance and achieving a more stable gait and posture with some compensatory 
movements.  
 
3.2 Method 
 
3.2.1 Participants 
30 young females were participated in this study. All participants were not reported to have 
any musculoskeletal disorders that restrict their range of lower extremity motion and make the 
wearing of high heeled shoes painful. To eliminate any possible factors that may influence their high 
heeled gait, we controlled the age group between 18 and 30 years old and their shoe size between 23.5 
and 25.0 cm. In this experiments, 15 participants were experienced high heeled shoes wearers, and the 
other 15 participants were inexperienced wearers. A short questionnaire (see Appendix B) was filled 
out by each participant to collect the information about her histories of wearing high heeled shoes. 
The questionnaire asked for frequency of wearing high heeled shoes, number of years, height of high 
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heeled shoes that participant frequently used, and the general complaints of wearing high-heeled 
shoes. Participants’ characteristics is shown in Table 15. 
 
Table 15. Participants' characteristics (Experiment 2) 
Characteristics 
Experienced 
(Mean±SD) 
Inexperienced 
(Mean±SD) 
P-value (experienced 
vs. inexperienced) 
No. subjects 15 15   
Age (yrs) 21.07 ± 1.62 20.23 ± 1.22 0.139 
Height (cms) 160.50 ± 3.50 162.82 ± 6.15 0.214 
Weight (kgs) 54.12 ± 7.19 54.89 ± 4.94 0.734 
Shoe size (cms) 23.93 ± 0.42 24.00 ± 0.50 0.695 
High-heeled shoes wearing 
frequency (times/week) 3.40 ± 1.77 0.33 ± 0.49 <0.001* 
Note: * indicates significant difference (p<0.05) 
 
3.2.2 Instruments 
3.2.2.1 Experimental shoes 
The shoes used in this study were women’s dress shoes with stiletto heel manufactured by 
CauseU (South Korea). There were four different levels of heel height: 0, 4, 7, and 10 cm, classified 
as flat, low, medium, and high heeled shoes; and two different heel contact area: A1 and A2. Heel 
contact area A1 (area = 1.33 cm²) is larger than heel contact area A2 (area = 0.80 cm²). We used the 
same shoes as the first experimental study in chapter 2 (see Figure 4).  
 
3.2.2.2 Pro Balance Master system 
Pro Balance Master system (Neurocom, Inc., Clackamas, OR) was used to measure 
participants’ stability limits when they wore different shoes, utilizing Limits of Stability (LOS) test. 
This test determines the maximum distance a person can displace their center of gravity (COG) by 
leaning intentionally in the given direction without stepping, losing balance, or reaching for assistance 
(Newton 2001; Goulding et al. 2003; Islam et al. 2004). In LOS test, the monitor displays a central 
box with eight surrounding targets in a clockwise manner (see Figure 29). 
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Figure 29. Center of gravity of an individual (center box) and 8 tested targets. 
 
Based on participants’ statures, these eight targets represent their estimated stability limits. 
These estimated limits were considered to be 100% of the theoretical limits of stability or the 
maximum distance they can move their COG intentionally. Beyond 100% of these limits, they will be 
most likely to require additional strategy such as stepping to maintain stability (Cordo and Nashner 
1982). Participants’ COG appear as a human-shaped cursor surrounded by the eight targets, located at 
0, 45, 90, 135, 180, 225, 270, and 315 degrees on the monitor. For each trial, participants were asked 
to maintain their COG centered over the base of support (BOS). The COG cursor moves freely with 
the participants as they shift their weight. Upon hearing auditory signal from the system, they were 
asked to move their COG as fast and as accurate as possible towards the highlighted target (one of the 
eight targets located on the LOS perimeter) and hold the position for 10 s. There were five measured 
parameters of LOS test: reaction time, movement velocity, end point excursion, maximum excursion, 
and directional control. 
 
3.2.2.3 Electromyography (EMG) system 
For muscle activities recording, surface EMG sensors and a Bagnoli Desktop EMG System 
(Delsys Inc., Boston, MA) were used at a sampling frequency of 1000Hz. The sensors have 1cm 
spacing which is spatially optimal for full-bandwidth signal detection, and a fixed inter-sensor 
distance that minimizes amplitude and temporal variability across measurements.  
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3.2.2.4 Plantar pressure measure system 
For plantar pressure measurement, F-Scan system (Tekscan, Boston, MA) was used at a 
sampling frequency of 100Hz. F-Scan Research software version 6.31 (Tekscan, Boston, MA) was 
used for data acquisition. 
 
3.2.2.5 Walking path 
The testing area included a walking path free from obstruction with a chair placed at one end 
of the path and a 3 m long line marking off the Timed Up and Go (TUG) test distance. 
 
3.2.2.6 Motion analysis system 
Motion recording was done for the walking trials to obtain kinematic and temporospatial data 
with Optitrack Motion Capture Systems (NaturalPoint Inc., Corvallis, OR) at a sampling frequency of 
100Hz. 18 high-speed infra-red optical cameras were used to capture three dimensional views for 
participants. All cameras were positioned to allow all markers placed anatomically on the body to be 
clearly visible and accurately identified for further analyzing process. The views from all cameras 
were synchronized to capture the entire body movement when participants walked on the treadmill. 
The motion capture system was first calibrated prior to the testing. A three marker optiwand was 
waved in front of each camera to create a recording volume until all of the cameras capture enough 
data and the background of the calibration engine turns green. After applying the result of the 
calibration, we set the ground plane or the origin of the global coordinate system by placing the 
ground plane on the floor in the center of the recording volume. The X axis was the medial-lateral 
direction, Y axis was the vertical direction, and Z axis was the anterior-posterior direction of the 
walking. The calibration process followed the manufacturer’s Three Marker Calibration instruction 
manual from the Optitrack Motion Capture Systems (NaturalPoint Inc., Covallis, OR). 
 
3.2.3 Experimental Design and Procedures 
The experimental design for investigating participants’ dynamic balance is shown in Figure 
30 below. 
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Figure 30. Experimental design for the second experiment. 
 
Prior to the start of the testing, participants were given a detailed explanation of the study, 
signed an informed consent and fill out a short questionnaire on the histories of wearing high-heeled 
shoes. After that, participants were asked to take off their shoes, socks, and clothes and put on the 
experiment socks and change into training suit provided by the experimenter and their characteristics 
included date of birth, body weight and height using InBody BSM330 body height weight scale were 
recorded. 
 
3.2.3.1 Plantar pressure measurement preparation 
The procedures of plantar pressure recording were the same as the procedures for previous 
experiment on human static balance. F-Scan sensor was placed inside each shoe and the participants 
were then asked to do point calibration with lifting their left foot and hold it elevated, and do the same 
procedure for the right foot. 
 
3.2.3.2 Kinematic data recording preparation 
In total, 28 reflective markers were placed on participants’ body by the experimenter to 
collect kinematic data including temporospatial parameters. Participants were asked to tie up their hair 
as it may obscure the markers on their shoulders. Then, the experimenter placed each marker using a 
conductive medical grade adhesive on the selected locations (see Figure 31), a modified version of 
Plug-in Gait model (Vicon Motions Systems, Oxford, UK).  
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Figure 31. Markers placement for experiment 2. 
 
The marker name and locations were shown in Table 16 below. 
 
Table 16. Markers name and location 
Number Marker Name Location 
1 lsho tips of the acromium process 
2 rsho 
3 lupa upper arm between the elbow and shoulder markers 
4 rupa 
5 lelb lateral epicondyles of each humerus 
6 relb 
7 lfra lower arm between the wrist and elbow markers 
8 rfra 
9 lwri medial of wrists between the styloid processes 
10 rwri 
11 lwro lateral of wrists between the styloid processes 
12 rwro 
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13 lasi anterior posterior iliac spines (ASIS) 
14 rasi 
15 lpsi posterior superior iliac spines (PSIS) 
16 rpsi 
17 lthi on wands extending laterally from the thigh segment 
18 rthi 
19 lkne lateral femoral epicondyles 
20 rkne 
21 ltib on wands extending laterally from the shank segment 
22 rtib 
23 lank lateral malleoli 
24 rank 
25 ltoe dorsum of the feet at MTP joints 
26 rtoe 
27 lhee heels of the feet 
28 rhee 
 
3.2.3.3 Static and dynamic motion capture 
A static trial of 5 second was performed to allow the cameras to capture each of the reflective 
markers and was used for the reference for further analyzing process. After that, the dynamic trials 
were executed. Participants were asked to stand on the treadmill and the experimenter explained how 
to control the treadmill (stop/start and walking speed setting). Participants were instructed to look 
straight ahead and walk as steady as possible for 3 minutes at 3.5 km/h speed, and their plantar 
pressure and kinematic data were collected during the last minute of the trial. Before starting the trials, 
they were asked to get familiarized with the test and they had to take a short rest between the trials. 
While taking the rest, they were asked to fill out the perceived balance questionnaire (see Appendix 
C). F-Scan sensors and reflective markers were detached from their body after completing all trials.  
 
3.2.3.4 Limits of Stability test (LOS) 
LOS was conducted on the PRO Balance Master system for each shoe condition. Before 
starting the trials, participants were instructed and their feet were positioned the same as when they 
did the MSOT. There were eight targets for LOS test: 0, 45, 90, 135, 180, 225, 270, and 315 degrees 
surrounding their center of gravity (COG) that they had to maintain centered over the base of support 
(BOS) before each trial. Upon hearing auditory signal from the system, participants were asked to 
move their COG cursor as fast and as accurate as possible toward the highlighted target (one of the 
targets located on the LOS perimeter) and hold the position for 10 s without stepping, losing balance, 
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or reaching for assistance. They were asked to repeat the same procedure for the other shoe conditions 
after taking a short rest.  
 
3.2.3.5 Functional mobility test 
We conducted Timed Up and Go test (TUG) to assess participants’ functional mobility. TUG 
test reflects the basic mobility that is required for the basic activities’ performance of daily living. For 
TUG test, participants were asked to sit with hips all of the way back of the seat in a chair with arm 
rests. They were allowed to use the arm rests during the sit-stand and stand-sit movements. They were 
instructed to stand up on the word “GO” and walk beside the line on the floor at their comfortable 
speed, turn around, and walk back to the chair and sit down. The experimenter started the timing on 
the word “GO” and stopped the timing when participants were seated again on the chair with their 
back resting on the back of the chair (see Figure 32).  
 
 
Figure 32. Timed up and go test (TUG): initial position (left) and walking path (right) 
 
3.2.3.6 Muscle activities recording preparation 
Same as the previous study on human static balance, six surface EMG electrodes were placed 
on participants’ body to record activities on lower limb muscles. Before the recording, participants 
were asked to perform MVC with the same procedures as previous experiment.  
 
3.2.3.7 Walking test 
Participants were asked to stand on the treadmill, look straight ahead and walk for 10 minutes. 
The muscular activities were recorded for the entire 10 minutes walking test. After finishing one test, 
participants were asked to take a short rest and fill out perceived discomfort questionnaire (see 
Appendix D) and repeat the same procedure for the other shoe conditions.  
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3.2.4 Data Processing and Analysis 
3.2.4.1 Stability limits 
PRO Balance Master system software is used to obtain the scores of five LOS parameters. 
Reaction time (RT) represents the amount of time from the auditory signal until the movement is 
initiated. Movement velocity (MVL) represents their COG speed of movement. Directional control 
(DCL) represents a comparison of the amount of movement in the intended direction toward the target 
and extraneous movement away from the target. Rogers et al (2003) stated that a straighter path 
movements show a path accuracy and lower time values indicate a better performance and balance 
control. End point excursion (EPE) represents the distance the COP is displaced toward the target 
during the primary movement. Maximum excursion (MXE) represents the maximum distance the 
COP is displaced toward the target over the entire trial duration. EPE and MXE are expressed as 
percentage of the distance toward the target. Most people initiate an additional movement when their 
initial movement is too short for the target, and since the participants initiate additional movement 
after the EPE is recorded, the MXE is usually larger than EPE. 
 
3.2.4.2 Functional mobility 
Completion time of three Timed up and Go (TUG) test trials were imported and averaged 
using Excel (Microsoft, Washington, USA). 
 
3.2.4.3 Gait kinematics 
Motive software (NaturalPoint Inc., Covallis, OR) was used to obtained location of 28 
reflective markers in three dimensional space, and the data were then exported and further processed 
using MATLAB (The MathWorks, Inc., Natick, MA, USA). Center of Mass (COM) displacement 
was calculated using segmental analysis method. The body segments were foot, shank, thigh, forearm 
and hand, upper arm, and head, neck, and trunk as suggested by Gard, Miff, and Kuo (2004). 
Locations of the segmental centers of mass were determined from the positions of these markers and 
the calculated joint centers. Body segments mass fractions and COM locations were based upon data 
from Harless (1964) and Dempster (1964) used by Gard et al. (2004) for their study, as shown in 
Table 17. After collecting data from each participant, the vertical positions of COM of each body 
segment is calculated and then overall COM position is calculated using a weighted average based 
upon the segment mass fractions. 
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Table 17. Body mass segments fraction 
Segment Definition (proximal/distal) %BW Segment COM 
location from 
proximal endpoint 
Foot Heel marker/ toe marker 1.8 0.506 
Shank Knee center/ankle center 4.4 0.433 
Thigh Hip center/knee center 11.2 0.433 
Forearm, hand Elbow marker/wrist marker 2.6 0.682 
Upper arm Shoulder marker/elbow marker 3.3 0.430 
Head, neck, 
trunk 
Shoulder marker midpoint/hip joints 
midpoint 
53.4 0.540 
Note: Adapted from “Comparison of kinematic and kinetic methods for computing the vertical motion 
of the body center of mass during walking,” by Gard, S. A., Miff, S. C., & Kuo, A. D, 2004, Human 
movement science, 22(6), 597-610. Copyright 2004 by Human movement science. 
 
The equation for obtaining the vertical location of COM is shown below. 
COM = 1.8%( 	    +  	    ) + 4.4%( 	 ℎ   +  	 ℎ   ) + 11.2%( 	 ℎ  ℎ +  	 ℎ  ℎ)
+ 2.6%( 	       , ℎ   +  	       , ℎ   )
+ 3.3%( 	     	   +  	     	   ) + 53.4%(    ,     ,      ) 
(5) 
Ankle, knee, elbow joint angles from both sides of the body and the hip joint angle were 
calculated using the included angle between longitudinal axes of two adjacent segments. For ankle 
joint angle, the two segments are foot and shank segments. For knee joint angle, the two segments are 
shank and thigh segments. For hip joint angle, the segments are thigh and head neck and trunk 
segments. For elbow joint angle, the segments are forearm, hand and upper arm segments. The 
equation is shown below. 
 
(6) 
 For a better representation of this equation, see Figure 33 below. 
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Figure 33. Example of the two vectors in three dimensional space. 
 
3.2.4.4 Muscle activities 
EMG data were processed using EMG Works 4.0 Analysis software (Delsys Inc, Boston, 
MA). Root mean square (RMS) amplitudes were calculated with windows length of 0.2s and windows 
overlap 0.1s. To obtain the muscle effort, the averaged RMS value of each muscle for MSOT trials 
was normalized to the averaged RMS value of each muscle for Maximum voluntary contraction 
(MVC) trials that were conducted for each subject. 
 
3.2.4.5 Muscle fatigue 
EMG data were processed using EMG Works 4.0 Analysis software (Delsys Inc, Boston, 
MA). Each trimmed signal was high-pass filtered 10 Hz. Median power frequency (MPF) was 
recorded at 0, 2, 4, 6, and 10 min of the walking test, and it was used to evaluate muscle fatigue. In 
demonstrating the time effect, the MPF at 2, 4, 6, 8, and 10 min were normalized to that at 0 min. A 
shift of MPF of the EMG signal to the low end indicated muscle fatigue (De Luca 1997). 
 
3.2.4.6 Plantar pressure 
Plantar pressure data were processed using F-Scan Research software version 6.31 (Tekscan, 
Boston, MA). The foot region was defined by removing the toe region from each participant’s 
pressure-imaged footprint collected from the F-Scan system (Xiong et al. 2010). The foot was then 
divided into three regions equally: forefoot, mid foot, and heel (Figure 34). The remaining area was 
considered to be the toe region. 
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Figure 34. Selected foot area of participant’s pressure-imaged footprint and definition of the four 
plantar surface regions. 
 
The Center of Pressure (COP) location of the foot, force distribution and peak plantar pressure 
for the three foot regions were obtained from the software, which were averaged from all stances of 
entire recording. In this system, a stance is a group of frames in which there is a certain minimal 
amount of pressure on the sensor. In this way, this system groups all of the frames of pressure data 
from a heel strike to the toe off, into one stance. Before averaging all stances, we removed the first 
and the last stances, which sometimes be incomplete or are only partial stances from a recording. All 
data obtained from this software were normalized to allow comparison between subjects. COP 
location was normalized by participants’ foot dimensions, while force and pressure data were 
normalized by participants’ body weight. The length of COP path represents the total trajectory in % 
followed by the COP from its initial position to the last position (see Figure 35). 
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Figure 35. Example of center of pressure (COP) path length (red line). 
 
3.2.5 Statistical Analysis 
A mixed-factor analysis of variance (ANOVA) was conducted to check the effects of 
experience (2 levels, between-subjects), heel height (4 levels, within subject), and contact area (2 
levels, within subject). This ANOVA was conducted on each balance measure using Minitab 16 
(Minitab Inc., State College, PA, USA). A Bonferroni post-hoc test was conducted for the effect that 
was found significant, which the level was set 0.05. 
 
 
 
3.3 Results 
 
3.3.1 Limits of Stability 
For experiment 2, we only used two pairs of shoes (4 cm and 7 cm heel heights) to investigate 
the heel contact area effect. Because of this reason, we conducted two separate ANOVAs using 
different sets of data to investigate the heel height effect and heel contact area effect. Data analysis 
indicated that different heel height affected all limits of stability measures except reaction time (RT) 
significantly, while experience of wearing high heeled shoes had significant effects only on the 
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maximum excursion (MXE) and directional control (DCL) (see Table 18). Full ANOVA tables are 
given in Appendix F. 
Table 18. Analysis of variance results on limits of stability measures 
Limits of stability measures P-value 
Source of variance 
RT 
(sec) 
MVL 
(deg/sec) 
EPE 
(%) 
MXE 
(%) 
DCL 
(%) 
Experience 0.747 0.256 0.067 <0.001* 0.020* 
Height 0.164 0.018* <0.001* <0.001* <0.001* 
Experience*Height 0.058 0.908 0.107 0.690 0.843 
Contact Area 0.553 0.237 0.001 0.400 0.684 
Note: * indicates significant difference (p<0.05) 
 
While participants wore shoes with heel height from 0 to 7, participants had no difference in 
the speed of movement, but they moved slower when the heel height reached 10 cm. When the heel 
height reached 7 cm, their excursions and directional control were decreased (see Figure 36). Full 
ANOVA tables are given in Appendix F. 
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Figure 36. Heel height effect on limits of stability measures. 
 
Experienced high heeled shoes wearers had larger excursions and better directional control 
(see Figure 37). 
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Figure 37. Shoe wearing experience effect on limits of stability measures. 
 
Further analysis on which the experience helped participants’ limits of stability when they 
wore high heeled shoes, statistically significant differences were found in the back and forward 
directions in terms of maximum excursion and in the forward direction in terms of directional control 
(see Figure 38 and Figure 39). 
 
Figure 38. Experience effect on maximum excursion directions. 
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Figure 39. Experience effect on directional control directions. 
 
 
 
3.3.2 Functional Mobility 
Data analysis from experiment 1 indicated that the shoe heel height and experience of wearing 
high heeled shoes had significant effects on the completion time of Timed Up and Go (TUG) trial (see 
Table 19). Full ANOVA tables are given in Appendix F. 
Table 19. Analysis of variance results on functional mobility measure (Experiment 1) 
Functional mobility measure P-value 
Source of variance TUG (s) 
Experience <.0001* 
Height <.0001* 
Experience*Height 0.760 
Contact Area 0.658 
Experience*Contact Area 0.482 
Height*Contact Area 0.818 
Experience*Height*Contact Area 0.918 
Note: * indicates significant difference (p<0.05) 
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As the heel height increased, the time needed to complete the TUG trial was longer. 
Meanwhile, inexperienced wearers needed less time for completing TUG trial compared to the 
experienced ones (see Figure 40). At first we thought that this result may be due to the different 
heights between group (see Table 2), so we cross-checked it again during experiment 2. 
 
 
Figure 40. Heel height effect (left) and experience effect (right) on timed up and go test (TUG) 
(Experiment 1). 
 
Interestingly, we obtained the similar results from experiment 2. The heel height and shoe 
wearing experience had significant effects on the completion time of Timed Up and Go (TUG) trial 
(see Table 20). Full ANOVA tables are given in Appendix F. 
 
Table 20. Analysis of variance results on functional mobility measure (Experiment 2) 
Functional mobility measure P-value 
Source of variance TUG (s) 
Experience 0.017* 
Height <.0001* 
Experience*Height 0.170 
Contact area 0.655 
Note: * indicates significant difference (p<0.05) 
 
Longer time was needed with increasing heel height and experienced high heeled shoes 
wearers also needed longer time to complete the TUG trial (see Figure 41). 
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Figure 41. Heel height effect (left) and experience effect (right) on timed up and go test (TUG) 
(Experiment 2). 
3.3.3 Gait Kinematics 
3.3.3.1 Mean of center of mass (COM) location and range of displacement  
Center of mass (COM) vertical location and range of displacement of participants’ body 
changed significantly with different level of shoe heel height. However, only the range of COM 
displacement was significantly affected by wearing experience (see Table 21). Full ANOVA tables 
are given in Appendix F. 
 
Table 21. Analysis of variance results on center of mass (COM) vertical location 
COM vertical location (%BH) P-value 
Source of variance Mean Range 
Experience 0.772 0.019* 
Height <.0001* 0.007* 
Experience*Height 0.646 0.150 
Contact area 0.983 0.196 
Note: * indicates significant difference (p<0.05) 
 
In the vertical direction, both the COM location and range of displacement show an 
increasing trend as the heel height increased (see Figure 42). 
BALANCE OF HIGH-HEELED WOMEN: EFFECTS OF HEEL HEIGHT, HEEL CONTACT 
AREA, AND SHOE WEARING EXPERIENCE 
68 
 
 
Figure 42. Heel height effect on center of mass vertical location. 
 
Experienced high heeled shoes wearers had a larger range of vertical COM displacement 
compared to inexperienced group (see Figure 43). 
 
Figure 43. Shoe wearing experience effect on center of mass vertical location. 
 
3.3.3.2 Ankle dorsi/plantar  
 When walking with 3.5km/h speed, the heel elevation affected the mean angle of ankle 
dorsi/plantar flexion, maximum plantar flexion and maximum dorsiflexion of left and right ankles. 
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However, experience of wearing high heeled shoes was found to have no significant effects on ankle 
dorsi/plantar (see Table 22). Full ANOVA tables are given in Appendix F. 
 
Table 22. Analysis of variance results on ankle dorsi/plantar flexion 
Ankle  
dorsi/plantar (deg) 
P-value 
Source of variance 
Left 
(mean) 
Right 
(mean) 
Left 
(range) 
Right 
(range) 
Left 
(max 
plantar) 
Right 
(max 
plantar) 
Left 
(max 
dorsi) 
Right 
(max 
dorsi) 
Experience 0.190 0.908 0.093 0.696 0.175 0.079 0.224 0.468 
Height <.0001 <.0001 0.853 0.380 <.0001 0.001 0.007 <.0001 
Experience*Height 0.568 0.900 0.204 0.456 0.415 0.930 0.311 0.073 
Contact area 0.494 0.185 0.163 0.255 0.361 0.118 0.275 0.498 
Note: * indicates significant difference (p<0.05) 
 
Both left and right feet were positioned more downward (plantar flexed) compared to the 
standing position when walking on a different levels of shoe heel height. An increase in heel height 
caused a gradual increase in the mean angle of ankle dorsi/plantar flexion, or in other words, 
increasing heel height results in a more downward position of the feet (more plantar flexed). From 0 
to 10 cm, the mean ankle angle different reached 20 degrees. Maximum ankle dorsiflexion decreased 
and maximum ankle plantar flexion increased as the heel height increased (see Figure 44). 
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Figure 44. Heel height effect on ankle dorsi/plantar flexion 
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3.3.3.3 Knee flexion 
There was no significant effect of experience nor heel height on the mean of knee flexion 
angle. Shoe heel height and experience in wearing high heeled shoes were found to affect range of 
both left and right knee flexion significantly (see Table 23). Full ANOVA tables are given in 
Appendix F. 
Table 23. Analysis of variance results on knee flexion 
Knee flexion (deg) P-value 
Source of variance 
Left 
(mean) 
Right 
(mean) 
Left 
(range) 
Right 
(range) 
Experience 0.427 0.075 <.0001* <.0001* 
Height 0.375 0.546 <.0001* <.0001* 
Experience*Height 0.215 0.355 0.675 0.864 
Contact area 0.961 0.417 0.779 0.323 
Note: * indicates significant difference (p<0.05) 
 
As the heel height increased, the ROM was dramatically reduced for both left and right knees 
(see Figure 45). 
 
Figure 45. Heel height effect on knee flexion. 
 
Experienced high heeled shoes wearers had a larger right knee range of motion (ROM), and 
smaller left knee ROM. Smaller Rom indicated a more restricted knee flexion (see Figure 46). 
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Figure 46. Shoe wearing experience effect on knee flexion. 
 
3.3.3.4 Elbow flexion 
 Heel height of the shoes had significant effects on both mean and ROM of left elbow. 
Experience in wearing high heeled shoes affected the mean of elbow flexion angles for both sides 
significantly, but for the elbow ROM, it only affected the left side (see Table 24). Full ANOVA tables 
are given in Appendix F. 
 
Table 24. Analysis of variance results on elbow flexion 
Elbow flexion (deg) P-value 
Source of variance 
Left 
(mean) 
Right 
(mean) 
Left 
(range) 
Right 
(range) 
Experience 0.006* 0.029* 0.004* 0.124 
Height 0.069 0.345 0.007* 0.261 
Experience*Height 0.802 0.160 0.997 0.102 
Contact area 0.976 0.856 0.856 0.775 
Note: * indicates significant difference (p<0.05) 
 
As the heel height increased, the right elbow ROM was significantly increased. This indicates 
that when walking with higher shoes, the participants had their arm swaying more than when they 
walked with lower shoes (see Figure 47). 
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Figure 47. Heel height effect on elbow flexion. 
 
 Inexperienced high heeled shoes wearers had larger left and right elbow flexion angles 
compared to experienced wearers, indicating a more extended position of the elbow during walking. 
Left elbow ROM of the experienced wearers was significantly larger compared to inexperienced ones 
(see Figure 48). 
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Figure 48. Shoe wearing experience effect on elbow flexion. 
 
3.3.3.5 Hip flexion 
 Heel height affected the mean of hip flexion angles and also hip ROM. High heeled shoes 
wearing experience had significant effect on hip ROM (see Table 25). Full ANOVA tables are given 
in Appendix F. 
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Table 25. Analysis of variance results on hip flexion 
Hip flexion (deg) P-value 
Source of variance Mean Range 
Experience 0.978 <.0001* 
Height <.0001* <.0001* 
Experience*Height 0.420 0.924 
Contact area 0.349 0.563 
Note: * indicates significant difference (p<0.05) 
 
 As the heel height increased, the hip flexed more and the hip ROM was increased, especially 
starting at 7 cm heel height (see Figure 49). 
 
Figure 49. Heel height effect on hip flexion. 
 
 Experienced wearers had their hip swaying more when they walked on the treadmill, 
indicated by a larger ROM compared to inexperienced ones (see Figure 50). 
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Figure 50. Shoe wearing experience effect on hip flexion. 
 
3.3.4 Muscle Activities 
3.3.4.1 Muscle effort 
Different heel height affected all muscles below besides TA muscle when participants walked 
on the treadmill. Experience in wearing high heeled shoes had significant effect on the effort made on 
gastrocnemius medialis (GM), tibialis anterior (TA) and vastus lateralis (VL) muscles during walking. 
No significant effect was found for heel contact area (see Table 26). Full ANOVA tables are given in 
Appendix F. 
 
Table 26. Analysis of variance results on muscle effort 
Muscle effort (%MVC) P-value 
Source of variance GM GL TA VM VL ES 
Experience 0.004* 0.669 0.014* 0.906 <.0001* 0.478 
Height <.0001* <.0001 0.414 <.0001* <.0001* <.0001* 
Experience*Height 0.651 0.470 0.270 0.666 0.498 0.691 
Contact area 0.486 0.388 0.227 0.361 0.784 0.899 
Note: * indicates significant difference (p<0.05) 
 
As the heel height increased, participants made more effort on gastrocnemius medialis and 
lateralis (GM and GL), vastus medialis and lateralis (VM and VL) and erector spinae (ES) muscles for 
walking task, especially at 10 cm heel height. Only for VL muscle, they made significantly more 
effort starting at 7 cm heel height (see Figure 51). 
BALANCE OF HIGH-HEELED WOMEN: EFFECTS OF HEEL HEIGHT, HEEL CONTACT 
AREA, AND SHOE WEARING EXPERIENCE 
77 
 
 
Figure 51. Heel height effect on muscle effort. 
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Experienced high heeled shoes wearers made more effort on gastrocnemius medialis (GM) 
and tibialis anterior (TA) muscle when walking compared to the inexperienced ones. However, they 
made less effort on vastus lateralis muscle (VL) (see Figure 52). 
 
Figure 52. Shoe wearing experience effect on muscle effort. 
 
3.3.4.2 Muscle fatigue 
Data analysis showed decreasing trends of median power frequency (MPF) with increasing 
time at each heel height in gastrocnemius medialis (GM) muscle, at 7 and 10 cm heel height in 
gastrocnemius lateralis (GL) and tibialis anterior (TA) muscles, and at 10 cm heel height in vastus 
lateralis (VL) muscle. Full ANOVA tables are given in Appendix F.  
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For GM, at 0 and 10 cm heel height, the MPF shifted significantly when the time reached 2 
min. At 4 and 7 cm heel height, the MPF significantly dropped when the time reached 6 min. For GL, 
MPF started to drop significantly when the time reached 2 min at 7 cm heel height and 4 min at 10 cm 
heel height. For TA, MPF dropped significantly when the time reached 2 min at 7 cm heel height and 
4 min at 10 cm heel height. For VL, it significantly dropped when the time reached 6 min at 10 cm 
heel height (see Figure 53, Figure 54, Figure 55, and Figure 56). 
 
Figure 53. Heel height effect on gastrocnemius medialis muscle fatigue. 
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Figure 54. Heel height effect on gastrocnemius lateralis muscle fatigue. 
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Figure 55. Heel height effect on tibialis anterior muscle fatigue. 
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Figure 56. Heel height effect on vastus lateralis muscle fatigue. 
 
For different contact area, ANOVA showed significant effects in GM at heel contact area A1 
and A2, and only at A2 for GL. For GM, the MPF significantly dropped when the time reached 2 min 
at heel contact area A2, and 6 min at contact area A. For GL, it significantly dropped when the time 
reached 2 min at A2 (see Figure 57 and Figure 58).  
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Figure 57. Heel contact area effect on gastrocnemius medialis muscle fatigue. 
 
 
Figure 58. Heel contact area effect on gastrocnemius lateralis muscle fatigue. 
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3.3.5 Plantar Pressure 
3.3.5.1 Force distribution 
Different heel heights affected the force distribution under all regions of the foot. However, 
experience in wearing high heeled shoes only had significant effect on the force distributed under mid 
foot and heel regions of the wearers (see Table 27). Full ANOVA tables are given in Appendix F. 
 
Table 27. Analysis of variance results on force distribution 
Force distribution (% Body weight) P-value 
Source of variance Toe Forefoot 
Mid 
foot 
Heel 
Experience 0.316 0.190 <.0001* 0.009* 
Height <.0001* <.0001* <.0001* <.0001* 
Experience*Height 0.134 0.820 0.020* 0.766 
Contact area 0.510 0.941 0.219 0.406 
Note: * indicates significant difference (p<0.05) 
 
As the heel height increased, the force distribution shifted from heel and mid foot regios 
toward forefoot region. At 10 cm heel height, the force under the heel region has become half of the 
force when participants walked with 0 cm shoes and at the same time, the force distributed under the 
foot became nearly doubled, from 38.16% to 56.62% (see Figure 59). 
 
 
Figure 59. Heel height effect on force distribution. 
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Inexperienced wearers had higher force distributed under their mid foot, but the experienced 
wearers had higher force distributed under their heel (see Figure 60). 
 
 
Figure 60. Shoe wearing experience effect on force distribution. 
 
3.3.5.2 Peak pressure 
The heel height affected the peak pressure under the whole foot region, except the mid foot 
region, significantly. Experience in wearing high heeled shoes was found to affect the peak pressure 
under all regions of the foot except the heel region (see Table 28). Full ANOVA tables are given in 
Appendix F. 
 
Table 28. Analysis of variance results on peak pressure 
Peak pressure (kPa/kg) P-value 
Source of variance Overall Toe Forefoot 
Mid 
foot 
Heel 
Experience <.0001* 0.006* 0.002* 0.009* 0.291 
Height <.0001* <.0001* <.0001* 0.729 <.0001* 
Experience*Height 0.735 0.095 0.932 0.747 0.743 
Contact area 0.829 0.829 0.038 0.245 0.064 
Note: * indicates significant difference (p<0.05) 
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The peak pressure under forefoot region increased significantly when participants walked 
with 10 cm high heeled shoes, but under the heel region, the peak pressure reduced significantly 
starting at 4 cm heel height (see Figure 61). 
 
 
Figure 61. Heel height effect on peak pressure. 
 
Experienced wearers had higher peak pressure on toe and forefoot regions and lower peak 
pressure on mid foot region when walking with 3.5km/h speed, compared to inexperienced wearers 
with the same walking speed (see Figure 62). 
 
 
Figure 62. Shoe wearing experience effect on peak pressure. 
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The peak pressure under forefoot region is higher when walking with shoes with heel contact 
area A2 compared to contact area A1 (see Figure 63). 
 
 
Figure 63. Heel contact area effect on peak pressure. 
 
3.3.5.3 Center of pressure (COP) location 
Significant changes were found in both mediolateral (ML) and anteroposterior (AP) directions 
of COP location with high heeled shoes wearing experience and different heel height. The total 
changes of COP location is found significantly different only in AP direction with the wearing 
experience and shoe heel height (see Table 29). Full ANOVA tables are given in Appendix F. 
 
Table 29. Analysis of variance results on center of pressure location 
COP location P-value 
Source of variance 
ML (% foot 
width) 
AP (% foot 
length) 
ML changes 
(% foot 
width) 
AP changes 
(% foot 
length) 
Experience <.0001* <.0001* 0.099 0.004* 
Height <.0001* <.0001* 0.652 <.0001* 
Experience*Height 0.247 0.488 0.407 0.029 
Contact area 0.856 0.447 0.078 0.787 
Note: * indicates significant difference (p<0.05) 
 
BALANCE OF HIGH-HEELED WOMEN: EFFECTS OF HEEL HEIGHT, HEEL CONTACT 
AREA, AND SHOE WEARING EXPERIENCE 
88 
 
Walking with higher shoe shifted the COP location more to the medial and anterior side 
towards the ball of the foot, and as the heel height increased, the total changes of COP location has 
become smaller gradually and significantly (see Figure 64). 
 
Figure 64. Heel height effect on center of pressure (COP) location. 
 
During walking, the center of pressure (COP) location of experienced wearers is located more 
medially and more posteriorly compared to inexperienced wearers. The total changes of COP location 
in anteroposterior direction was larger for experienced wearers than for inexperienced ones (see 
Figure 65). 
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Figure 65. Shoe wearing experience effect on center of pressure (COP) location. 
 
3.3.6 Overall experimental results 
The overall experimental results are summarized in Table 30, where the effects from heel 
height, heel contact area and HHS wearing experience on human dynamic balance are given. 
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Table 30. Overall experimental results for the second experiment 
Table 30a. Experimental results on limits of stability and functional mobility 
Balance test Measures Heel height ↑ 
Contact 
area ↑ 
Experience ↑ 
Limits of 
stability 
Movement 
velocity 
(deg/sec) ↓ [H0>(H4,H7)>H10] - - 
Endpoint 
excursion (%) ↓ [H0>(H4)>H7>H10] - - 
Maximum 
excursion (%) ↓ [H0=H4>H7>H10] - ↑, back and forward 
Directional 
control (%) ↓ [H0=H4>H7>H10] - ↑, forward 
Functional 
mobility 
TUG 
(completion 
time in sec) ↑ [H0<(H4)<H7<H10] - ↑ 
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Table 30b. Experimental results on gait kinematics 
Balance test Measures Heel height ↑ 
Contact 
area ↑ 
Experience ↑ 
Gait 
kinematics 
COM vertical 
location (%BH) ↑ [H0<H4<H7<H10] - - 
COM vertical 
displacement 
(%BH) ↑ [H0=H4<(H7)<H10] - ↑ 
Mean of ankle 
dorsi/plantar (°) ↑ [H0<H4<H7<H10] - - 
Range of ankle 
dorsi/plantar - - - 
Max ankle 
plantar flexion 
(°) ↑ [H0=H4<(H7)<H10] - - 
Max ankle 
dorsiflexion (°) ↓ [H0=H4>H7=H10] - - 
Mean of knee 
flexion (°) - - - 
Knee ROM (°) ↓ [H0=H4>H7>H10] - ↑ 
Mean of elbow 
flexion (°) - - ↓ 
Elbow ROM (°) ↑ [H0=H4<(H7)<H10] - ↑ 
Mean of hip 
flexion (°) ↓ [H0>(H4)>H7>H10] - - 
Hip ROM (°) ↑ [H0<(H4)<H7<H10] - ↑ 
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Table 30c. Experimental results on muscle activities 
Balance test Measures Heel height ↑ 
Contact 
area ↑ 
Experience ↑ 
Muscle 
effort 
RMS (%MVC) 
↑ GM, GL, VM, ES 
[H0=H4=H7<H10] 
- 
↑ GM, TA 
↓ VL 
↑ VL 
[H0=H4<H7<H10] 
Muscle 
fatigue 
Median 
frequency 
(%MPF) 
↓ GM [H0,H10 (shifted 
on min 4)>H4,H7 
(shifted on min 6)] ↑ [A1 
(shifted on 
min 6)>A2 
(shifted on 
min 2)] 
- 
↓ GL, TA [H0,H4 (no 
shift)>H10 (shifted on 
min 4)>H7 (shifted on 
min 2)] 
↓ VL [H0,H4,H7 (no 
shift)>H10 (shifted on 
min 6)] 
↑ [A1 (no 
shift)>A2 
(shifted on 
min 2)] 
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Table 30d. Experimental results on plantar pressure 
Balance test Measures Heel height ↑ 
Contact 
area ↑ 
Experience ↑ 
Plantar 
pressure 
Force 
distribution 
(%BW) 
↓ heel 
[H0>H4>H7>H10] 
- 
↑ heel 
↓ mid foot 
[H0=H4>H17=H10] 
↓ mid foot 
↑ forefoot 
[H0=H4<H7<H10] 
↓ toe 
[H0<H4=H7=H10] 
Peak pressure 
(kPa/kg) 
↓ heel 
[H0>H4=H7=H10] 
- 
↑ forefoot, toe 
↓ toe 
[H04>H0=H7=H10] 
↓ mid foot 
↑ forefoot 
[H0=H4=H7<H10] 
COP location 
(ML direction) ↓ [H0>H4=H7=H10] - ↑ more lateral 
COP location 
(AP direction) ↓ [H0>H4>H10>H7] - ↑ more posterior 
COP total 
displacement 
(AP direction) ↓ [H0>H4>H10>H7] - ↑ 
 
 
3.4 Discussion 
 
The results of this study demonstrate that increasing heel height resulted in worse human 
dynamic balance performance even though more effort have been put on lower limb musclesand low 
back muscle, especially starting from 7 cm heel height. Experience in wearing high heeled shoes 
provided more advantages in the dynamic conditions for the wearers. To our knowledge, no research 
has been conducted to investigate the effect of increasing heel height on stability limits in different 
directions. In the present study, we found that individual’s limits of stability in terms of center of 
gravity (COG) movement velocity, excursions and directional control have worsened as the heel 
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height increased, especially when the heel height reached 7 cm. Shoes with higher heels caused an 
unstable posture (Arnadottir and Mercer 2000; Yung-Hui and Wei-Hsien 2005). The unstable posture 
might generate a fear of falling in wearers, which accompanied by further restriction in their body 
movements especially in the forward and back directions. This occurrence is signified by slower 
speed of movement, reduced excursions and worsened control of direction. The reaction time is 
mainly associated with difficulties in cognitive processing and motor diseases (Rogers et al. 2003). 
This result may be explained by the fact that all participants were healthy young females without any 
cognitive nor motor difficulty. Our findings show that the functional mobility was significantly 
impaired by the increase in heel height, especially when the heel height reached 7 cm, in line with 
previous studies which suggested that women walked with slower speed when wearing high heeled 
shoes during 10 m walk test (Arnadottir and Mercer 2000). The longer completion time needed for 
timed up and go (TUG) test trial may be caused by higher discomfort and unstable posture resulted 
from the higher shoes (Yung-Hui and Wei-Hsien 2005).  
With an increase in heel height, the current study found that the location of center of mass 
(COM) of the body increased gradually. The finding of the current study is consistent with those of 
Joseph (1968) Soames and Evans (1987) and Stefanyshyn et al. (2000). The range of displacement of 
the COM was significantly larger when walking with high heeled shoes, with the heel height of 10 cm. 
Lee et al. (2001) found that the range of COM displacement was significantly larger for increasing 
heel height, even starting when the heel height was only 4.5 cm. However, they only averaged the 
COM data over one stride length and it was possible that the participants were unable to get 
familiarized with the shoes during the test. Another possible explanation for this is that the faster 
speed of walking significantly increased vertical displacement of COM (Gard et al. 2004; Orendurff et 
al. 2004). In our study, the participants were asked to walk with 3.5 km/h speed, while in their study 
the participants walked with 4 km/h speed. The excessive excursion of the COM allowed inverted 
pendulum energy exchange and reduced the mechanical work required to accelerate the center of 
mass (Ortega and Farley 2010). Our result may indicate a vertical displacement that is above normal 
would lead to a very high metabolic cost and a reduction in the efficacy of the mechanisms related to 
the six determinants of gait, as suggested by Saunders, Inman and Eberhart (1953). When the heel 
height reached 10 cm, we found that the range of COM vertical displacement reached more than 3% 
of body height, and at the same walking speed without high heeled shoes, Orendurff et al. (2004) 
found that the range of vertical displacement of COM was less than 2% of body weight and even 
when their participants walked with 5.8 km/h speed, the range of displacement was 2.78% of body 
height. However, further work should be done to investigate whether the wearing of shoes with higher 
heels really caused an excessive COM displacement during walking. 
Two of the six determinants of gait suggested by Saunders et al. (1953) were foot and knee 
mechanics. With the foot in a more downward position as the heel height increased, the ankle was 
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placed in a more plantar flexed position, which may lead to instability of the joint (Frigg et al. 2007). 
Even though this finding is in agreement with Gollnick, Tipton and Karpovich (1964); Ebbeling et al. 
(1994), Stefanyshyn et al. (2000), this study has been unable to demonstrate that the range of ankle 
joint movement became more restricted with increasing heel height. Therefore, we further analyzed 
the maximum angles of plantar flexion and dorsiflexion of the feet. When the heel height reached 10 
cm, the ankle did not recover from its plantar flexed position even in the swing phase of the gait so 
that the ankle cannot fully compensate for the foot’s unnatural position, and therefore became more 
unstable. There was no significant difference in knee flexion with the increase of heel height. 
Although this result differs from some published studies (Ebbeling et al. 1994; Stefanyshyn et al. 
2000; Mika et al. 2012), it is consistent with those of Gollnick et al. (1964) that only found minor 
changes on knee flexion angles (insignificant). Higher heeled shoes also restricted knee range of 
motion. The loss of full range of motion at the knee joint has been demonstrated to cause altered gait 
pattern affecting the ankle and the hip (Norkin and Levangie 2001). This result indicates that the 
restricted movement of knee joint from the wearing of higher heeled shoes could cause difficulty in 
functional activities such as sitting or climbing the stairs. The present findings seem to be consistent 
with other research which found that the hip was more flexed and the range of motion was increased 
with an increase in heel height (Opila-Correia 1990; Park et al. 2013). This result may confirm why 
the wearing of high heeled shoes led to increased femininity of gait (Morris et al. 2013) with more 
sway of the hip. The movements of pelvis and hip contribute greatly to maintaining standing posture 
and walking balance by exerting more muscle effort to ensure equilibrium (Hamill and Knutzen 2006). 
As far as we know, no research has been carried out on the effect of heel height, heel contact area nor 
wearing experience on the elbow joint movement. We found that the arm swing more with a guard 
position when the heel height reached 10 cm. The guard positions of the arms during walking have 
been found in toddlers and children with cerebral palsy (Ledebt 2000; Meyns et al. 2012). Our result 
indicates that besides swaying the hip, swinging the arm might be a compensatory strategy to 
maintain balance when walking on shoes that are very high (10 cm or more).  
 Except the tibialis anterior muscle, increasing heel height resulted in increased activities on 
all investigated muscles when participants walked with higher shoes. On the contrary with the results 
obtained from standing balance, the calf, quadriceps and low back muscles became more active when 
participants maintained their walking balance. The activities of these muscles were within 40%, while 
the activity on erector spinae muscle was less than 15% of their MVC values. These results match 
those observed in earlier studies (Lee et al. 2001; Mika et al. 2012). When moving our legs forward, 
this action engages our quadriceps muscles, then our calves interact with our ankles as our feet hit the 
floor with a heel-to-toe movement. As we shift our weight from one leg to another, this action 
engages the muscles that support our back and general spine area. In contrast to our findings when 
participants maintained the standing balance, however, the activity of vastus medialis muscle was 
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higher than vastus lateralis muscle. It seems possible that this result is due to its important role in the 
stabilization of the patella, when the knee joint is less stable condition (Balcarek et al. 2014). 
However, significant increase of tibialis anterior muscle was not reached in the present study, differed 
from some published studies that have demonstrated higher activity of this muscle when the heel 
height increased (Joseph 1968; Mika et al. 2012). This result may be explained by the fact that the 
ankle was unable to recover from its plantar flexed position and showed a decrease in maximum 
dorsiflexion angle as the heel height increased. Therefore, the activity of the muscle that is responsible 
for dorsiflexing the foot, tibialis anterior, did not change significantly during our experiment. We also 
found that for all heel height, the gastrocnemius muscle became fatigued even after 4 minutes of 
walking. The gastrocnemius lateralis and tibialis anterior muscles became fatigued when the heel 
height reached 7 cm. For vastus lateralis muscle, it became fatigued after walking for 6 minutes with 
10 cm heeled shoes. Our results are acceptable since the tendency to fall forward is normally resisted 
by activity of calf muscles. A constant contraction of calf muscles (Basmajian and Bentzon 1954) 
may lead to fatigue of these muscles during walking with higher heeled shoes.  
The effects of increasing heel height on plantar pressure measure were consistent with our 
findings when the participants were maintaining standing balance. As the heel height increased, the 
force and pressure distributed under the heel and mid foot regions shifted towards forefoot and toe 
regions. The center of pressure (COP) location also changed both in mediolateral (ML) and 
anteroposterior (AP) directions towards the ball of the foot. Additionally, we observed the total COP 
changes during the stance. The COP path length measures the amount of biomechanical adjustments 
made at the ankle and foot (Cho and Choi 2005). Longer COP path length indicates more adjustments 
of movements were made at the ankle and foot in order to stabilize the COM and maintain balance. In 
our results, shorter COP path length in AP direction may reflect the unsteadiness that the participants 
felt during walking with higher shoes, causing an altered motion of the foot during walking.  
After comparing the performance of dynamic balance of experienced and inexperienced high 
heeled shoes wearers, we found that experience in wearing high heeled shoes provided certain 
advantages on their stability limits and plantar pressure during walking. Experienced wearers had 
larger excursion and better directional control, especially in the back and forward directions. These 
advantages may help them on the daily activities such as bending, reaching up or to the side, etc. 
These improvements could be due to motor learning effects (Fitts and Posner 1967) resulted from the 
long-term wearing of high heeled shoes, increasing the levels of practice since practice and expertise 
can help the experienced wearers in developing their capabilities and strategies to response the 
challenges of losing balance from wearing higher heeled shoes appropriately (Schaefer and 
Lindenberger 2013). For plantar pressure measures, experienced wearers only had higher force 
distributed under the heel, but they had no advantages on the force and pressure distributed under 
other regions. However, the COP were located more posteriorly compared to inexperienced wearers 
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during walking, reducing the high heels effect by shifting back their COP back to the heel. The 
changes of COP in AP direction were also larger for experienced wearers, demonstrating a more 
natural heel to toe motion during walking with longer path length. 
In mediolateral direction, the result of the dynamic condition differed from the result of the 
static condition. The experienced wearers had their COP located more medially compared to 
inexperienced wearers during walking. Wearing high heeled shoes create a plantar flexed and inverted 
posture which may increase the risk of experiencing lateral ankle sprain (Foster, Blanchette, Chou and 
Powers 2012). A possible explanation for our results is that regarding this postural changes, the 
physical ability of the ankles of the regular wearers of high heeled shoes was significantly different 
from that of the regular wearers of flat shoes. The maximum range of motion of inversion was higher 
in the experienced group, indicating that the range of ankle joint mobility was shifted to a supinated 
position (Kim, Lim and Yoon 2013). This natural supinated position made their COP located more 
laterally when standing and the higher inversion range made their COP located more medially when 
walking. This might be an indicator of an adaptation of wearing high heeled shoes, allowing them to 
minimize the inverted posture and thus may decrease the risk of lateral ankle sprain. Another 
important finding was that experienced wearers took longer time in completing timed up and go (TUG) 
trial. The use of high heeled shoes resulted in slower walking speed and shorter stride length (Rao, 
Ripa, and Lightbourne 2012). These present findings seem to be consistent with other research which 
found that experienced wearers reduced their gait variability in high heeled shoes, representing a more 
stable and more secure gait since walking with high heeled shoes might increase the likelihood of 
falling and getting injured (Hausdorff 2005; Foster et al. 2012; Schaefer and Lindenberger 2012). 
Adaptation effects were also found on the performance of experience high heeled shoes wearers 
during the gait. The experienced wearers had larger range of vertical COM displacement, a more 
flexible right knee joint movement, more flexed elbow and larger range of elbow and hip joint 
movements. Taken together, all of these results can be considered adaptive, demonstrating that the 
experienced wearers had more flexible adjustments of movement patterns that may provide them with 
more stability in high heeled gait.  
Consistent with the results of standing balance, experienced wearers exerted more effort on 
one side of the calf muscles, while on vastus lateralis muscle, they exerted less muscle effort 
compared to the inexperienced wearers. Interestingly, we also found that the experienced wearers also 
exerted more effort on tibialis anterior muscle. This result can be linked to the higher inversion range 
of motion that made the COP of experienced wearers located more laterally during the gait. Tibialis 
anterior muscle is responsible for dorsiflexing and inverting the foot, explaining why the experienced 
wearers exerted more effort on this muscle.  
A larger heel contact area only affected the calf muscles fatigue. With a smaller heel contact 
areas, participants got their calf musles fatigue faster than the larger heel. This finding, while 
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preliminary, suggests that the muscle fatigue will contribute to the subjective feelings of discomfort or 
pain when the participants walked with these shoes. In further investigation, we will take subjective 
perception into account so that it can explain this result better. The generalizability of these results is 
subjected to certain limitations. For instance, this study was conducted in laboratory and the dynamic 
tasks were performed over two sessions of a 2 hours period. In reality, individuals may have to stand 
and walk on their shoes during most part of their working day. The participants were also required to 
walk at a standardized speed in a treadmill without inclination over a short period of time. This 
approach can be considered unrealistic since it does not capture the everyday setting such as the 
changes in gait pattern and fatigue at the end of working day. A longer experiment duration could be 
used in the future study to provide a better insight by reflecting the adaptations effects found in this 
study in real work environments. 
 
3.5 Conclusion 
 
In the present study we found that during the dynamic conditions, the heel elevation caused 
the lower limb and low back muscles to work harder, shifted the force and pressure distributed under 
the heel and mid foot regions to the forefoot and toe regions, and changes the center of pressure (COP) 
location more to the anterior and medial side of the foot, but still results in worse human dynamic 
balance especially starting at shoes with 7 cm heel height. Individual’s limits of stability in terms of 
center of gravity (COG) movement velocity, excursions and directional control have worsened and 
the longer time was needed to complete one timed up and go (TUG) trial with an increase in heel 
height. During gait, the location of center of mass (COM) increased and the range of COM 
displacement became larger. The foot was in a more downward position causing inability for the 
ankle to recover from its plantar flexed position even in the swing phase of the gait and the knee range 
of motion was restricted. To compensate these changes, the hip and elbow swayed more to maintain 
balance, as shown by a more flexible range of motion. The COP path length was restricted as the heel 
height increased, possibly due to unsteadiness when walking with higher shoes. We also observed that 
the gastrocnemius muscle became fatigued even after 4 minutes of walking with even the flat shoes. 
The gastrocnemius lateralis and tibialis anterior muscles became fatigued when the heel height 
reached 7 cm. As for vastus lateralis muscle, the fatigue struck after walking for 6 minutes with 10 cm 
heeled shoes.  
 Experienced wearers showed adaptation effects with larger excursions and better directional 
control in the forward and back directions. In terms of gait patterns, they had more flexible 
adjustments of movement patterns that may provide them with more stability, as shown by higher 
range of COM displacement and more flexible knee, hip, and elbow joint movements. As 
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demonstrated in standing condition, the COP of experienced wearers located more posterior and in 
addition, their COP path lengths were found to be longer compared to the inexperienced wearers, 
reducing the high heels effect. However, their COP were located more medial during gait, which 
might be one indicator of an adaptation effort of wearing high heeled shoes in minimizing the inverted 
posture and thus may decrease the risk of lateral ankle sprain. With their COP located more medially, 
they put more intensive effort on the tibialis anterior muscle, which is responsible for inverting the 
foot, in addition to the gastrocnemius medialis muscle to compensate. 
 With a smaller heel contact area, participants got their calf muscles fatigued faster than the 
larger heel contact area, suggesting that the muscle fatigue will contribute to the subjective feelings of 
discomfort or pain when the participants walked with these shoes. We will take subjective perception 
into account better explain these findings. 
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CHAPTER 4 
 
SUBJECTIVE PERCEPTION ON HUMAN BALANCE 
 
4.1 Objective 
 
The objective of this study was to investigate the effects of shoe heel height, heel contact area, 
and high heeled shoes wearing experience on the subjective perception on human balance. The 
subjective perception on human balance was measured to see how participants perceived their balance 
and discomfort and the relationship with their gait kinematics, muscle activities and fatigue, and 
plantar pressure changes when they walked with high heeled shoes during the experiment. The 
participants for this study are the same as those in the second experiment described in chapter 3. It 
was hypothesized that as the heel height increased, participants will have lower confidence in 
balancing and higher rank of discomfort in each body parts especially lower extremities. Larger 
contact area may provide greater confidence in balancing and less discomfort for the wearers. It was 
also hypothesized that experienced wearers will have greater confidence and higher rank of 
discomfort as they regularly wear high heeled shoes. 
 
4.2 Method 
 
4.2.1 Participants 
30 healthy females without previous history of musculoskeletal disorders aged from 18 to 30 
years old were participated in this study. These participants were wearing shoes between size 23.5 and 
25.0 cm. The participants were the same as the participants in the second experiment, with their 
characteristics previously shown in Table 15.  
 
4.2.2 Instruments 
4.2.2.1 Perceived balance questionnaire 
A Likert scale with the scale between 1 and 7 is used to measure each participant’s level of 
self-confidence after walking with each pair of shoes. The scale 1 means that the participant has no 
confidence at all and the scale 7 means that the participant is completely confident to walk with 
particular shoes without losing the balance, asking for help, or falling down. After every walking trial 
in the second experiment, the participant was asked to perceive her balance and fill a balance 
questionnaire. The sample of this balance questionnaire is shown in Appendix C. 
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4.2.2.2 General complaints questionnaire 
Before starting the experiment, participants were asked to fill a questionnaire that asked for 
the complaints of wearing high heeled shoes and the discomfort they usually feel when wearing high 
heeled shoes based on their past experience, together with the frequency of wearing high heeled shoes, 
number of years, and the height of the shoe heel that they frequently used. The sample of this 
questionnaire is shown in Appendix B. 
 
4.2.2.3 Perceived discomfort questionnaire 
Self-report questionnaire is collected from each participant after finishing one trial of the 
experiment. Participant has to rate the perceived pain on an 11-point Likert-type scale from no pain [0] 
to worst possible pain [10] on trunk, low back, hip/thigh, lower leg, foot, and overall body regions 
after completing each of the walking trials as shown in figure below. After that, participant was asked 
to concentrate on her body and try to perceive discomfort in each of body regions and fill the 
questionnaire if she has any discomfort in those body regions (see Appendix D). 
 
4.3 Results 
 
4.3.1 Perceived Balance 
As already mentioned in chapter 3, we only used two pairs of shoes (4 cm and 7 cm heel 
heights) to investigate the heel contact area effect in experiment 2. Since participants filled the 
balance questionnaire right after the walking test in experiment 2, we also had two separate ANOVA 
tables, one for investigating the heel height effect and one for heel contact area effect. Experience in 
wearing high heeled shoes and heel contact area had no significant effect on perceived balance score. 
Different heel heights affected participants’ balance confidence significantly (see Table 31). Full 
ANOVA tables are given in appendix G. 
 
Table 31. Analysis of variance results on perceived balance 
Perceived balance measure: 
Likert scale (1-7) P-value 
Source of variance 
Experience 0.078 
Height <.0001* 
Experience*Height 0.295 
Contact area 0.096 
Note: * indicates significant difference (p<0.05) 
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As the heel height increased, participants felt less confident in walking with high heeled shoes 
starting at 4 cm heel height. When the heel height reached 10 cm, their confidence level dropped to 
scale 3.2 out of 7.0, less than half of the confident they had when they walked with 0 cm shoes (6.5 
out of 7.0) (see Figure 66).  
 
Figure 66. Heel height effect on perceived balance. 
 
Even though significant difference could not be reached, inexperienced wearers had higher 
confidence than the experienced wearers (P=0.078) and participants had higher confidence when 
walking on shoes with larger contact area (P=0.096) (see Figure 67). 
 
Figure 67. Shoe wearing experience effect (left) and heel contact area effect (right) effect on 
perceived balance. 
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4.3.2 General Complaints of Wearing High Heeled Shoes 
More of the experienced participants reported ingrown toe nails and cracked heels as a result 
of wearing high heeled shoes. However, more of the inexperienced participants reported blisters and 
corns when they wear high heeled shoes (see Figure 68). 
 
 
Figure 68. General complaints of wearing high heeled shoes. 
  
Inexperienced high heeled shoes wearers reported more discomfort on the ankle, hip/thigh, 
toe, mid foot, and heel compared to the experienced wearers. However, experienced wearers reported 
more discomfort on their knee, low leg, neck, and forefoot when they wear high heeled shoes (see 
Figure 69 and Figure 70). 
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Figure 69. Reported discomfort when wearing high heeled shoes. 
 
 
Figure 70. Foot discomfort when wearing high heeled shoes. 
 
BALANCE OF HIGH-HEELED WOMEN: EFFECTS OF HEEL HEIGHT, HEEL CONTACT 
AREA, AND SHOE WEARING EXPERIENCE 
105 
 
4.3.3 Perceived Discomfort 
 Heel height was found to affect the discomfort on all body regions. Regarding the experience 
in wearing high heeled shoes, it was found to significantly affect the discomfort perceived on the neck 
and trunk regions of participants’ body. Meanwhile, heel contact area only affected the discomfort on 
the low back region (see Table 32). Full ANOVA tables are given in appendix G. 
 
Table 32. Analysis of variance results on perceived discomfort 
Perceived 
discomfort (0-10) 
P-value 
Source of 
variance 
Neck Trunk 
Low 
back 
Hip/thigh 
Lower 
leg 
Foot Overall 
Experience <.0001* <.0001* 0.927 0.521 0.901 0.409 0.340 
Height 0.001* 0.002* <.0001* <.0001* <.0001* <.0001* <.0001* 
Experience*Height 0.161 0.621 0.697 0.972 0.541 0.601 0.492 
Contact area 0.340 0.700 0.013* 0.701 0.099 0.354 0.250 
Note: * indicates significant difference (p<0.05)  
  
 After walking with one pair of shoes, participants were also asked to tick any part of body 
regions that they feel painful or uncomfortable. More of the experienced wearers reported 
uncomfortable feeling on neck, upper back and foot regions.  
 As the heel height increased, participants reported higher discomfort on their neck, trunk, low 
back, hip/thigh and lower leg regions after walking for 10 minutes, especially at 10 cm heel height. 
For foot region, they already felt higher discomfort starting at 4 cm heel height (see Figure 71).  
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Figure 71. Heel height effect on perceived discomfort. 
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 Overall, the discomfort perceived by participants on their body was significantly higher 
starting at 7 cm heel height (see Figure 72). 
 
 
Figure 72. Heel height effect on perceived discomfort (overall). 
 
 As the heel got higher, most participants reported uncomfortable feeling especially on their 
lower leg and foot (see Figure 73). 
 
 
Figure 73. Reported discomfort on each level of heel height on each body region. 
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Experienced high heeled shoes wearers reported higher discomfort on their neck and trunk 
after walking for 10 minutes, compared to inexperienced wearers (see Figure 74). 
 
 
Figure 74. Experience effect on perceived discomfort. 
 
Consistent with this result, experienced wearers also reported their discomfort on neck and 
trunk area more compared to the inexperienced wearers (see Figure 75). 
 
 
Figure 75. Reported discomfort on each level of shoe wearing experience on each body region. 
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When participants wore shoes with contact area A2, they felt more discomfort on their low 
back compared with shoes contact area A1 (see Figure 76). 
 
 
Figure 76. Heel contact area effect on perceived discomfort. 
 
More participants also reported discomfort on their lower back, lower leg and foot regions 
after walking on shoes with contact area A2 (see Figure 77). 
 
 
Figure 77. Reported discomfort on each level of heel contact area on each body region. 
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4.3.4 Overall Experimental Results 
The overall experimental results are summarized in Table 33, where the effects from heel 
height, heel contact area and HHS wearing experience on subjective perception of balance and 
discomfort are given. 
 
Table 33. Overall experimental results (Experiment 2 – Subjective perception) 
Balance test Measures Heel height ↑ Contact area ↑ Experience ↑ 
Perceived 
balance Likert scale (1-7) ↓ [H0>H4>H10>H7] - - 
Perceived 
discomfort 
Neck ↑ [H0=H4=H7<H10] - ↑ 
Trunk ↑ [H0=H4<(H7)<H10] - ↑ 
Low back ↑ [H0=H4=H7<H10] ↓ - 
Hip/thigh ↑ [H0<(H4)<H7<H10] - - 
Lower leg ↑ [H0<(H4)<H7<H10] - - 
Foot ↑ [H0<H4=H7<H10] - - 
Overall ↑ [H0=H4<H7<H10] - - 
 
 
4.4 Discussion 
 
Increasing heel height lowered people’s perceived confidence to walk without losing balance 
or becoming unsteady and at the same time increased discomfort on their overall body. In reviewing 
literature, no data was found on the association of subjective perception relates to balance and 
discomfort to the performance of balance when wearing shoes with higher heels, especially in young 
females population. On the question of balance perception, participants felt less confident in walking 
with higher shoes, starting from 4 cm heel height. When the heel height reached 10 cm, their 
confidence level dropped to less than half of the level they had when they wore 0 cm shoes, from 
scale 6.5 to scale 3.2 out of 7.0. Psychological factors, commonly known as “fear of falling 
syndrome”, have been linked to significant reductions of daily activities in fallers (Maki et al. 1991). 
In elderly population, a good perception for health and balance was associated with more walking 
activity. In the current study, comparing perception of balance and the balance performance showed 
that level of confidence participants perceived when wearing certain shoes reflected in the 
performance of balance while they did the tasks during the experiment. As the heel height increased, 
participants had lower confidence in balancing themselves, reflected by decreased postural balance, 
functional mobility and limits of stability. The lower confidence level may be caused by higher center 
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of mass (COM) location and larger range of vertical COM displacement, making them less stable 
when walking with higher shoes and forced them to adjust their gait patterns. With inability to gain a 
dorsi flexed position (see discussion of chapter 3), limited knee range of motion and hip in a more 
flexed position, participants swayed their body more to maintain their stability when walking with 
higher shoes.  
 The results of this study show that higher heeled shoes increased the discomfort on all of the 
investigated body parts that participants perceived after walking for 10 minutes. The discomfort rate 
on overall body was significantly higher when the heel height reached 7 cm. The discomfort on the 
investigated body parts, including the back side of neck, trunk, and low back was significantly higher 
when the heel height reached 10 cm. However, participants felt no pain to mild discomfort (subjective 
rating <2.0) on their neck, trunk, low back and hip/thigh area after completing walking sessions even 
when they walked with the highest heeled shoes during the experiment. Linking the subjective 
measure with the muscle effort the participants put on low back and thigh muscles, our results are 
acceptable since the activity on their low back muscle was less than 15% of their MVC when they 
wore 10 cm shoes. With less effort exerted on the lower back, 10 minutes of walking might not be 
enough to make them feel discomfort or make the muscle fatigue. The activities on thigh muscles 
(vastus medialis and lateralis) were higher than the activity on the low back muscle, reaching almost 
30% of MVC when participants walked with 10 cm shoes. Vastus lateralis muscle was also fatigue 
after walking for 6 minutes in 10 cm shoes. Surprisingly, participants only felt slight discomfort in 
this area, shown by the discomfort they rated after walking even with the highest shoes in this 
experiment. A possible explanation of these results might be the function of the thigh muscles 
themselves. Vastus muscles are used to extend the leg at the knee and to stabilize the patella, in which 
the knee pain is thought to be primarily associated with specific quadriceps muscle weakness or 
fatigue, especially in the vastus medialis (Lefebvre et al. 2006). Participants might have discomfort or 
pain on the knee area rather than hip/thigh area, which could be an important issue for future research.  
 Participants rated higher discomfort on lower leg area, reported moderate pain after they 
walked with 7 cm high heeled shoes (subjective rating=4.0). Calf is the back portion of the lower leg, 
whose muscles are involved in standing, running and jumping as they are mainly responsible for 
plantar flexing the foot. The activities on the calf muscles (gastrocnemius medialis and lateralis) 
reached almost 40% of MVC when participants wore 10 cm shoes. Both sides of calf muscles also 
became fatigued after 4 minutes walking with 10 cm shoes. The muscle fatigue can be defined as the 
inability to maintain the required or expected force (Edwards 1981; Fitts 1994). A static contraction or 
dynamic repetitions that require beyond 30% MVC may lead to muscle fatigue (Konrad 2005). It may 
be possible that the calf muscles were strained as the participants walked continuously with putting 
high intensity on these muscles. These tightened muscle become over-stretched, over-fatigued, 
leading to discomfort and/or significant pain. 
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The discomfort rate on the foot area was more intense compared to other areas, starting from 
4 cm heel height. When the heel height reached 10 cm, the participants gave 7.0 out of 10.0 rate of 
discomfort. The overall discomfort when participants walked with 10 cm high heeled shoes was more 
than 4 times higher compared to the discomfort when they walked with 0 cm shoes. This finding 
confirms the result of American Podiatric Medical Association in 2003 that revealed the foot pain is a 
common result of wearing shoes with heels 2 inches of higher (see chapter 1). Increasing heel height 
significantly reduced footwear comfort, most probably caused by the increased impact force at heel 
strike (Yung-Hui and Wei-Hsien 2005) and the shifted pressure distributed from the heel and mid foot 
regions towards the forefoot and toe regions, in which we also found in our study (see chapter 2 and 
3).  
Close to the level of significance (P=0.078), inexperienced wearers had surprisingly higher 
confidence in walking without losing their balance of becoming unsteady. History of falls were shown 
to be correlated with reduced physical activity in elderly population (Chou, Yeung and Wong 2005) 
and a fear of falling is one of the important aspects that cause falls (Lopes Costa, Santos, Castro and 
Bastone 2009) since it has negative consequences for elderlies’ physical and functional well-being. In 
coherence with this, the experienced high heeled shoes wearers participated in our study might have 
experienced injuries, for example ankle sprains, or falls when they wear high heeled shoes before. 
Thus, knowing the consequences of the injuries or falls might lead to lower confidence in the 
experienced high heeled shoes wearers group, and thus increasing the likeliness for them to carefully 
maintain their balance by adjusting their gait patterns, as previously mentioned in chapter 3. However, 
the duration of the test was only 10 minutes for each shoes so we do not have sufficient data to 
support our judgment whether the experienced wearers really have lower confident or not.   
 Before starting the experiment, a questionnaire was administered to assess their complaints of 
wearing high heeled shoes and the discomfort they usually feel when wearing high heeled shoes. Our 
results partially support our hypothesis that experienced participants may have more or at least the 
same complaints and discomfort as results of wearing high heeled shoes. They reported ingrown toe 
nails, cracked heels, plantar warts, low back pain and metatarsalgia more than or the same as 
inexperienced participants. One unanticipated finding was that more of the inexperienced wearers 
reported that they experienced blisters and corns more than the experienced wearers (see Figure 65). It 
is difficult to explain this result, but it might be related to what cause the foot problem itself. A blister 
is typically caused by forceful rubbing (friction) and this kind of blister is most common after walking 
long distances or by wearing a new or poorly-fitting pair of shoes (Naylor 1955). It is often 
recommended to put the new shoes on and walk around in them for at least an hour before wearing it 
for a long time to prevent blisters. An example of a previous study on the plantar pressure that used 
new shoes for their experiment, gave their participants time to adjust with the shoes to prevent blisters. 
Rethnam and Makwana (2011) gave their participants 2-4 weeks to break into the new experimental 
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shoes and advised to use them during most part of the day. Since the experienced wearers wear high 
heeled shoes regularly, they might have been used to their own shoes so that the inexperienced 
wearers, which rarely wear high heeled shoes, had higher complaint of blisters. The same possible 
reason may also applied for the other foot problem, corns. Corns are areas of thickened skin that occur 
in areas of pressure or friction caused by wearing shoes that fit poorly or certain designs that place 
excessive pressure on certain areas of the foot (Freeman, 2002).  
 More of the inexperienced participants reported discomfort on the body compared to the 
experienced participants. However, more of the participants in the experienced group reported 
discomfort on their knee, low leg, neck, and forefoot regions. Wearing high heeled shoes make the 
knee constantly bent, putting 23% greater compression force on the inside of the knees. The 
prolonged wearing and walking in higher heeled shoes could contribute to knee osteoarthritis 
(Kerrigan, Todd and Riley 1998). Therefore, the regular wearers of high heeled shoes may feel a 
constant knee pain resulted from the greater compression force inside their knees. When standing or 
walking with higher heeled shoes, experienced wearers put more effort on one side of their calf 
muscles (gastrocnemius medialis, see Figure 18 and Figure 48), making this a possible explanation for 
larger number of experienced participants reported discomfort on their low leg when they wear high 
heeled shoes. A backward shift of the head (Opila, Wagner, Schiowitz and Chen 1988) that 
compensates the postural misalignment when wearing high heeled shoes could cause more strains on 
the neck and spine muscles. The experienced wearers stand or walk on those shoes for a long duration 
regularly, and the constant strains may develop to neck pain and/or headaches. The similar response 
was also found after they completed the walking test: they reported higher discomfort on the neck and 
trunk regions. The regular wearing of high heeled shoes in a long duration may also cause the 
experienced wearers to have discomfort on their foot, especially on the forefoot region. Most of the 
body weight was loaded under the forefoot region when participants wore high heeled shoes (see 
Figure 21 and Figure 56) and on average, high heels start to hurt after 1 hour, 6 minutes and 48 
seconds as the College of Podiatry (2013) revealed. The inexperienced wearers might experience such 
foot pain less as they wear high heeled shoes less frequently, or probably in a short duration. 
 In term of heel contact area, participants had higher confidence while walking on shoes with 
larger heel contact area even though this result did not reach statistical significance. Participants 
reported higher discomfort only on the low back region after walking for 10 minutes with shoes with 
smaller heel contact area. However, the discomfort rate is mild (<2.0) for both larger and smaller heel 
contact area we used in this experiment. This result does not explain the effect of contact area on the 
subjective perception on human balance. The most important limitation lies in the fact that the heels 
used in this experiment only had a small difference in area, making most of our findings insignificant 
in terms of heel contact area. In future investigations, it might be possible to use shoes with heels that 
have larger difference in contact area to understand the effect of heel contact area on human balance. 
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4.5 Conclusion 
 
This study has shown that with an increase in heel height, participants felt less confident in 
walking without losing balance or becoming unsteady and they felt more discomfort or pain on their 
overall body especially when the heel height reached 7 cm. Participants reported no pain to mild 
discomfort on their neck, trunk and low back even after walking with 10 cm shoes for 10 minutes. 
They felt moderate to severe pain on their low leg and foot when the heel height reached 10 cm, 
probably came with the effort they put on their calf muscles (almost 40% MVC) and shifted pressure 
more to the ball of the foot. Regarding the heel contact area, experimental results showed that it did 
not significantly affect subjective perception on human balance and discomfort. Further experimental 
investigations are needed to evaluate whether larger heel contact area could provide better balance 
and comfort for the wearers. 
Surprisingly, experienced wearers had lower confidence in walking with the shoes in our 
experiment even though this result did not reach statistical significance (P=0.078). One of the possible 
explanation is that experienced wearers may have known the consequences of wearing high heeled 
shoes, since they probably have experienced injuries or falls resulting from the wearing of high heeled 
shoes. Therefore, they had lower confidence in balancing themselves and continuously adjust their 
gait patterns to provide themselves more balance when walking with higher shoes. Experienced 
wearers also reported higher discomfort on their neck, trunk and forefoot regions. The constant strains 
on their neck and spine muscles caused by postural misalignment when they wear high heeled shoes 
may cause this higher discomfort on their neck and trunk, and a long duration of wearing the shoes 
that shifted their force and pressure distribution towards the ball of the foot may cause them to 
experience foot pain more than the inexperienced wearers. 
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CHAPTER 5 
 
CONCLUSIONS 
 
5.1 Overall discussions 
 
The present study examined the effect of heel height, heel contact area, and shoe wearing 
experience on human balance using standardized shoes that only differed in the heel height and heel 
contact area. In order to get unbiased results, other shoe design parameters were kept the same for 
every pair of experimental shoes. In total, 60 young females consisting of experienced and 
inexperienced high heeled shoes wearers participated in this study. 30 of these females participated in 
the first experiment that measures static balance. In measuring static balance, parameters related to 
postural control and balance, functional reach, muscle effort, and plantar pressure were used. Another 
30 females participated in the second experiment that measures dynamic balance. In measuring 
dynamic balance, limits of stability, functional mobility (timed up and go test), gait kinematics, 
muscle activities (muscle effort and muscle fatigue), and plantar pressure were used. Additionally, the 
subjective perception of human balance was investigated by asking participants’ perceived balance 
and discomfort after they finished the second experiment. 
The findings of this study suggest that in general heel elevation causes the lower limb muscles 
to work harder, shifts the force and pressure distributed under the heel and mid foot regions to the 
forefoot and toe regions, and changes the center of pressure (COP) location more to the anterior and 
medial side of the foot, but still results in worse human static and dynamic balance regardless of the 
wearing experience of high heeled shoes, especially starting from shoes with 7 cm heel height. 
Starting from 7 cm heel height,  stability limits and functional mobility got worse. It was observed 
that the calf muscles play an important role compared to  other muscles, with activities reaching 20% 
MVC when standing and 30-40% MVC when walking. The COP path length is shortened and the 
COP is shifted towards the ball of the foot. During gait, participants wearing higher heels had their 
location of center of mass (COM) elevated and the displacement range of vertical COM larger, and 
thus altered the joint movements of the body to compensate these changes. With restricted knee 
movement, they started to use upper body control strategy to help them in maintaining balance, shown 
by more flexible movements of the hips and elbow. The unnatural position caused them to feel more 
unstable when they wore higher heels, shown by lower confidence in walking without losing balance. 
High activity on the calf muscles made these muscles to get fatigued easily and this may lead to 
discomfort and significant pain on the lower leg, while the shifted foot pressure increased the 
discomfort on the foot area, even starting from 4 cm heel height. The overall discomfort when 
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participants walked with 10 cm high heeled shoes was more than four times higher compared to the 
discomfort when they walked with flat shoes.  
Experienced wearers do not show significantly better balance performance. However, it 
provided certain advantages to the wearers. The experienced wearers had larger excursions and better 
directional control in the forward and back directions. Even though they used less input from the 
somatosensory system, which normally dominates the control of balance during stance on a fixed 
surface, they were able to maintain the same balance like the inexperienced wearers did. Experienced 
wearers showed an adaptation effect, indicated by smaller loads and lower pressure under the forefoot 
region, longer COP path length demonstrating a more natural heel-to-toe motion, and shifted their 
COP back to the posterior and lateral side of the foot as if they stood on the shoes lower than they 
actually were. However, differed from the static condition, the experienced wearers had their COP 
located more medially compared to inexperienced wearers during gait, possibly to minimize the 
inverted posture and therefore the risk of lateral ankle sprain. Experienced wearers also had different 
muscle utilization in maintaining balance. They used significantly less effort on most muscles with the 
sacrifice of gastrocnemius medialis muscle. During gait, not only on the gastrocnemius medialis 
muscle, they also exerted more effort on the tibialis anterior muscle, possibly due to the higher 
maximum inversion range of motion compared to inexperienced wearers. They showed a more 
flexible adjustments of movement patterns on the knee, hip and elbow that may provide them with 
better stability when walking with high heeled shoes. They also had higher discomfort on the neck 
and trunk since they have started to use an upper body control strategy. 
A smaller heel contact area affected the force distributed under the toe region and the peak 
pressure under the heel and forefoot regions when maintaining static balance and made the calf 
muscles fatigue faster than the larger heel. However, no statistically significant difference was found 
in the discomfort on the lower leg. Instead, participants reported higher discomfort on their low back 
after walking with smaller heel contact areas.  
Combining these results together, the differences in balance performance and the underlying 
mechanism to achieve a certain balance performance can be understood. It could not be simply 
concluded that shoes with higher heels did not affect the postural control, or experience in wearing 
high heeled shoes provided advantages to the wearers. With the understanding of how they can 
achieve a certain level of balance performance, a better conclusion about the use of high heeled shoes 
in either short or long term can be made. From the findings, it is recommended for young females to 
wear shoes lower than 4 cm, as those shoes are within a person’s ability to maintain their balance and 
can be considered safe for the wearers. Shoes with heel higher than 7 cm could cause significant 
challenges to human balance performance and thus are not recommended. Regular high heeled shoes 
wearers are recommended to stretch and strengthen their calves regularly to counteract the effects of 
high heeled shoes on their calf muscles, as the results showed intense activities on their calf muscles, 
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especially on the medial side. It is also recommended for the regular high heeled shoes wearers to mix 
up the footwear and wearing flat shoes on some days in the week to prevent the shortening of calf 
muscle fascicle and stiffening of Achilles tendon (Csapo et al. 2010). For designers, it is important to 
consider the shank curve to redistribute the force over a larger area of the plantar surface of the foot. 
Additionally, shoe cushions, pads, inserts or insoles are also recommended to reduce the foot 
discomfort, especially if the intended height of the heel is higher than 4 cm. 
 
5.2 Summary of main findings 
 
When maintaining postural control, increasing heel height impaired human balance in terms 
of strategy score: which shifted from the ankle to the hip; somatosensory ratio: which demonstrated an 
inability to organize the sense of position, movement and balance; and maximum distance reached 
during functional reach test: which has decreased as the heel height increased. However, participants’ 
overall coordination of the visual, vestibular, and somatosensory systems to maintain standing posture 
remained the same, even with the highest heels in this study. To achieve this performance, 
participants wearing higher heels shifted their force and pressure distributed on the heel and mid foot 
regions to the forefoot and toe regions, and they also shifted their center of pressure (COP) towards 
the ball of the foot. They also put more effort on the lower limb and low back muscles to support them 
in maintaining standing balance. In a more dynamic conditions, their limits of stability and functional 
mobility got worsened. Participants had their center of mass (COM) elevated and more fluctuated 
when they walked on higher shoes. Since the heel elevation made the knee movement restricted, they 
started to use upper body control strategy in maintaining balance, with more flexible movements on 
the hips and elbow. Same with static condition, they put more effort especially on their calf muscles to 
support them in maintaining balance during gait. They also had shorter COP path length, indicating an 
altered motion of the foot during walking, not a natural heel to toe motion. They had lower confidence 
in balancing their body and higher rank of discomfort, especially on the lower leg and foot. Even 
though experienced wearers did not show significantly better balance performance, shoe wearing 
experience provided certain advantages on the wearers’ stability limits, with better excursion and 
control of direction. They also provided advantages in plantar pressure measures, with smaller loads 
and lower pressure under the forefoot region, and shifted their COP back to the heel as if they wore 
shoes lower than they actually were. They used different muscle utilization and movement patterns in 
maintaining balance during gait. These adaptation effects shown by experienced wearers may provide 
them with better stability. Heel contact area did not affect the balance performance significantly.  
The study has gone some way towards enhancing our understanding of the biomechanical 
challenges imposed on the human balance with higher heeled shoes and the experience effect to 
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evaluate the regular high heeled shoes wearer populations more accurately. A further study could 
assess the long-term effects of wearing high heeled shoes found in this study in real work 
environments with a longer experiment duration, for example the changes in gait pattern and fatigue 
at the end of working day. Another possible area of future research would be to investigate the effects 
of heel contact area using shoes with heels that have larger difference in contact area to understand the 
effect of heel contact area on human balance. 
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APPENDICES 
 
APPENDIX A 
Demographic questionnaire (Experiment 1) 
 
Demographic Data Sheet 
Subject ID:  
Name:  
Birthdate:  
Frequency of wearing high-heeled shoes: 
a. <2 times a week 
b. 2 or more times a week 
Experience of wearing high-heeled shoes: 
a. <1 year 
b. 1 or more years 
Height of high-heeled shoes: 
a. Less than 7 cm 
b. 7 cm or more 
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APPENDIX B 
Demographic questionnaire (Experiment 2) 
 
Name:                                           Birthdate:                                                               Subject ID: 
1. Frequency of wearing high-heeled shoes: _________times/week 
2. Experience of wearing high-heeled shoes: a. <1 year b. 1-2 years c. >2 years 
3. Height of high-heeled shoes: a. low (<4 cm) b. medium (4-7 cm) c. high (>7 cm) 
4. Complaints of wearing HHS: (please tick inside the box) 
 
Blisters 
 
Ingrown toe nails 
 
Cracked heels 
 
Corns 
 
 
Bunions 
 
 
Plantar warts/Verucca 
 
 
Low back pain 
 
 
Metatarsalgia 
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APPENDIX C 
Perceived balance questionnaire  
Please indicate your level of confidence when walking on the treadmill without losing your balance or 
becoming unsteady on the scale form 1 to7.  
Experiment 
shoes 
Likert scale 
 
 
1 
 
 
 
 
 
 
 
2 
 
 
 
 
 
 
 
3 
 
 
 
 
 
 
 
4 
 
 
 
 
 
 
 
5 
 
 
 
 
 
 
 
6 
 
 
 
 
 
If you are really not sure, you can place a tick between two points. 
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APPENDIX D 
 
Perceived discomfort questionnaire  
 
 Subject ID:                                                                                                                           Shoe order:                                                                                                       
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APPENDIX E 
 
Full Analysis of Variance Tables (Chapter 2) 
 
Postural control and balance (Experiment 1) 
Equilibrium Score 
Source of Variance 
Degree of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience)  28 14135.09 504.82 14.02 <.0001 
Experience 1 53.50 53.50 1.49 0.2232 
Height 3 105.55 35.18 0.98 0.4028 
Experience*Height 3 243.45 81.15 2.25 0.0807 
Contact Area 1 1.78 1.78 0.05 0.8240 
Experience*Contact Area 1 0.31 0.31 0.01 0.9258 
Height*Contact Area 3 33.68 11.23 0.31 0.8169 
Experience*Height*Contact 
Area 3 35.44 11.81 0.33 0.8050 
Error 868 31248.77 36.00     
Total 959 145701.49       
 
Strategy Score 
Source of Variance 
Degree of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience)  28 5478.65 195.67 19.29 <.0001 
Experience 1 0.64 0.64 0.06 0.8021 
Height 3 239.80 79.93 7.88 <.0001 
Experience*Height 3 6.32 2.11 0.21 0.8912 
Contact Area 1 0.92 0.92 0.09 0.7635 
Experience*Contact Area 1 5.63 5.63 0.56 0.4564 
Height*Contact Area 3 4.44 1.48 0.15 0.9323 
Experience*Height*Contact 
Area 3 12.14 4.05 0.40 0.7539 
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Error 868 8806.69 10.15     
Total 959 36727.78       
 
Postural control and balance (Experiment 2) 
Equilibrium score 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 1582.068 56.502 8.01 <.0001 
Experience 1 16.225 16.225 2.30 0.133 
Height 3 13.852 4.617 0.65 0.582 
Experience*Height 3 15.733 5.244 0.74 0.529 
Error 84 592.747 7.057     
Total 119 2220.625       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 1468.603 52.450 8.17 <.0001 
Experience 1 0.713 0.713 0.11 0.740 
Height 1 4.800 4.800 0.75 0.390 
Contact area 1 8.401 8.401 1.31 0.256 
Experience*Height 1 0.230 0.230 0.04 0.850 
Experience*Contact area 1 1.752 1.752 0.27 0.603 
Height*Contact area 1 1.813 1.813 0.28 0.597 
Experience*Height*Contact 
area 1 4.602 4.602 0.72 0.400 
Error 84 539.356 6.421     
Total 119 2030.269       
 
Strategy score 
Source 
Degree 
of 
Sum of 
Squares 
Mean 
Squares F P-Value 
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Freedom 
Subject(Experience) 28 319.236 11.401 12.26 <.0001 
Experience 1 0.019 0.019 0.02 0.887 
Height 3 36.552 12.184 13.10 <.0001 
Experience*Height 3 7.544 2.515 2.70 0.051 
Error 84 78.131 0.930     
Total 119 441.481       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 367.221 13.115 12.60 <.0001 
Experience 1 0.011 0.011 0.01 0.920 
Height 1 1.126 1.126 1.08 0.301 
Contact area 1 3.897 3.897 3.74 0.056 
Experience*Height 1 7.314 7.314 7.02 0.010 
Experience*Contact area 1 2.035 2.035 1.95 0.166 
Height*Contact area 1 0.011 0.011 0.01 0.920 
Experience*Height*Contact 
area 1 0.029 0.029 0.03 0.867 
Error 84 87.460 1.041     
Total 119 469.103       
 
Somatosensory 
 
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.056 0.002 1.55 0.064 
Experience 1 0.007 0.007 5.09 0.027 
Height 3 0.028 0.009 7.18 <.0001 
Experience*Height 3 0.005 0.002 1.21 0.313 
Error 84 0.108 0.001     
Total 119 0.203       
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Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.042 0.001 1.48 0.088 
Experience 1 0.003 0.003 2.54 0.115 
Height 1 0.000 0.000 0.14 0.709 
Contact area 1 0.000 0.000 0.00 0.988 
Experience*Height 1 0.001 0.001 0.60 0.442 
Experience*Contact area 1 0.002 0.002 2.32 0.131 
Height*Contact area 1 0.000 0.000 0.03 0.867 
Experience*Height*Contact 
area 1 0.001 0.001 0.79 0.377 
Error 84 0.085 0.001     
Total 119 0.133       
 
Composite equilibrium score 
 
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 2142.833 76.530 8.37 <.0001 
Experience 1 0.033 0.033 0.00 0.952 
Height 1 20.833 20.833 2.28 0.135 
Contact area 1 8.533 8.533 0.93 0.337 
Experience*Height 1 0.300 0.300 0.03 0.857 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 2198.370 78.510 7.38 <.0001 
Experience 1 31.010 31.010 2.91 0.091 
Height 3 55.160 18.390 1.73 0.167 
Experience*Height 3 17.960 5.990 0.56 0.641 
Error 84 893.630 10.640     
Total 119 3196.130       
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Experience*Contact area 1 4.800 4.800 0.53 0.471 
Height*Contact area 1 4.800 4.800 0.53 0.471 
Experience*Height*Contact 
area 1 6.533 6.533 0.71 0.400 
Error 84 767.700 9.139     
Total 119 2956.367       
 
Functional mobility 
Functional reach test 
Source of Variance 
Degree of 
Freedom 
Sum of 
Squares 
Mean 
Squares 
F P-Value 
Subject(Experience) 28 5668.76 202.46 34.20 <.0001 
Experience 1 307.52 307.52 51.95 <.0001 
Height 3 1088.90 362.97 61.31 <.0001 
Experience*Height 3 18.90 6.30 1.06 0.3655 
Contact Area 1 0.02 0.02 0.00 0.9582 
Experience*Contact Area 1 14.77 14.77 2.49 0.1158 
Height*Contact Area 3 21.49 7.16 1.21 0.3072 
Experience*Height*Contact 
Area 3 7.87 2.62 0.44 0.7225 
Error 196 1160.30 5.92     
Total 239 26308.87       
 
Muscle effort 
Gastrocnemius medialis 
Source of Variance 
Degree of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience)  28 7.6510 0.2733 60.20 <.0001 
Experience 1 1.0192 1.0192 224.52 <.0001 
Height 3 1.6385 0.5462 120.32 <.0001 
Experience*Height 3 0.1014 0.0338 7.45 <.0001 
Contact Area 1 0.0028 0.0028 0.61 0.4366 
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Experience*Contact Area 1 0.0002 0.0002 0.03 0.8533 
Height*Contact Area 3 0.0430 0.0143 3.16 0.0242 
Experience*Height*Contact 
Area 3 0.0149 0.0050 1.09 0.3509 
Error 868 3.9400 0.0045     
Total 959 14.9800       
 
Gastrocnemius lateralis 
Source of Variance 
Degree of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience)  28 3.6727 0.1312 26.90 <.0001 
Experience 1 0.0058 0.0058 1.18 0.2774 
Height 3 0.6244 0.2081 42.68 <.0001 
Experience*Height 3 0.0291 0.0097 1.99 0.1139 
Contact Area 1 0.0016 0.0016 0.32 0.5711 
Experience*Contact Area 1 0.0034 0.0034 0.69 0.4062 
Height*Contact Area 3 0.0492 0.0164 3.36 0.0182 
Experience*Height*Contact 
Area 3 0.0527 0.0176 3.60 0.0132 
Error 868 4.2328 0.0049     
Total 959 9.4173       
 
Tibialis anterior 
Source of Variance 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience)  28 0.20734 0.00740 17.26 <.0001 
Experience 1 0.00657 0.00657 15.31 <.0001 
Height 3 0.04321 0.01440 33.57 <.0001 
Experience*Height 3 0.00292 0.00097 2.27 0.0789 
Contact Area 1 0.00013 0.00013 0.31 0.5791 
Experience*Contact Area 1 0.00000 0.00000 0.00 0.947 
Height*Contact Area 3 0.00047 0.00016 0.36 0.78 
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Experience*Height*Contact Area 3 0.00024 0.00008 0.19 0.9036 
Error 868 0.3724 0.0004     
Total 959 0.7306       
 
Vastus medialis 
Source of Variance 
Degree of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience)  28 1.74976 0.06249 46.95 <.0001 
Experience 1 0.00455 0.00455 3.42 0.0648 
Height 3 0.03465 0.01155 8.68 <.0001 
Experience*Height 3 0.01369 0.00456 3.43 0.0167 
Contact Area 1 0.00004 0.00004 0.03 0.8676 
Experience*Contact Area 1 0.00031 0.00031 0.23 0.6297 
Height*Contact Area 3 0.01371 0.00457 3.43 0.0166 
Experience*Height*Contact Area 3 0.00888 0.00296 2.22 0.0839 
Error 868 1.1553 0.0013     
Total 959 3.0876       
 
Vastus lateralis 
Source of Variance 
Degree of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience)  28 3.27600 0.11700 79.88 <.0001 
Experience 1 0.33017 0.33017 225.41 <.0001 
Height 3 0.17783 0.05928 40.47 <.0001 
Experience*Height 3 0.00947 0.00316 2.15 0.0919 
Contact Area 1 0.00057 0.00057 0.39 0.5336 
Experience*Contact Area 1 0.00113 0.00113 0.77 0.3806 
Height*Contact Area 3 0.00809 0.00270 1.84 0.138 
Experience*Height*Contact 
Area 3 0.00631 0.00210 1.44 0.2309 
Error 868 1.2714 0.0014     
Total 959 5.2387       
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Erector spinae 
Source of Variance 
Degree of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience)  28 1.51552 0.05413 163.45 <.0001 
Experience 1 0.00726 0.00726 21.94 <.0001 
Height 3 0.00936 0.00312 9.42 <.0001 
Experience*Height 3 0.00103 0.00034 1.04 0.3734 
Contact Area 1 0.00002 0.00002 0.05 0.8244 
Experience*Contact Area 1 0.00049 0.00049 1.48 0.2248 
Height*Contact Area 3 0.00029 0.00010 0.29 0.8326 
Experience*Height*Contact 
Area 3 0.00103 0.00034 1.04 0.3746 
Error 868 0.2874 0.0003     
Total 959 1.8476       
 
Plantar pressure 
Force distribution on toe 
Source of Variance 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 1.8196 0.0650 68.010 <.0001 
Experience 1 0.0974 0.0974 101.900 <.0001 
Height 3 0.4055 0.1330 139.240 <.0001 
Experience*Height 3 0.0354 0.0118 12.340 <.0001 
Contact Area 1 0.0081 0.0084 8.780 0.003 
Experience*Contact Area 1 0.0004 0.0004 0.420 0.518 
Height*Contact Area 3 0.0037 0.0012 1.260 0.287 
Experience*Height*Contact 
Area 3 0.0039 0.0013 1.360 0.254 
Error 868 0.8294 0.0010     
Total 959 3.2675       
 
Force distribution on forefoot 
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Source of Variance 
Degree of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 5.4191 0.1935 58.740 <.0001 
Experience 1 1.0587 1.0587 321.330 <.0001 
Height 3 11.0871 3.3383 1013.230 <.0001 
Experience*Height 3 0.0064 0.0021 0.640 0.588 
Contact Area 1 0.0016 0.0000 0.000 0.979 
Experience*Contact Area 1 0.0120 0.0120 3.650 0.056 
Height*Contact Area 3 0.0099 0.0027 0.830 0.479 
Experience*Height*Contact 
Area 3 0.0040 0.0014 0.410 0.747 
Error 868 2.8598 0.0033     
Total 959 21.3079       
 
Force distribution on midfoot 
 Source of Variance 
Degree of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 1.4797 0.0528 53.310 <.0001 
Experience 1 0.0370 0.0370 37.280 <.0001 
Height 3 0.5005 0.1326 133.750 <.0001 
Experience*Height 3 0.0224 0.0075 7.530 <.0001 
Contact Area 1 0.0007 0.0024 2.450 0.118 
Experience*Contact Area 1 0.0052 0.0052 5.220 0.023 
Height*Contact Area 3 0.0429 0.0122 12.300 <.0001 
Experience*Height*Contact 
Area 3 0.0048 0.0016 1.600 0.188 
Error 868 0.8604 0.0010     
Total 959 3.0173       
 
Force distribution on heel 
Source of Variance 
Degree of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
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Subject(Experience) 28 6.3826 0.2280 48.590 <.0001 
Experience 1 2.3506 2.3506 501.030 <.0001 
Height 3 10.3058 3.2845 700.080 <.0001 
Experience*Height 3 0.1362 0.0454 9.680 <.0001 
Contact Area 1 0.0108 0.0019 0.410 0.522 
Experience*Contact Area 1 0.0261 0.0261 5.570 0.019 
Height*Contact Area 3 0.0575 0.0166 3.530 0.015 
Experience*Height*Contact 
Area 3 0.0220 0.0073 1.560 0.197 
Error 868 4.0723 0.0047     
Total 959 24.0898       
 
Overall peak pressure 
Source of Variance 
Degree of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 180.3792 6.4421 19.810 <.0001 
Experience 1 0.4378 0.4378 1.350 0.246 
Height 3 43.0248 14.6336 44.990 <.0001 
Experience*Height 3 4.2801 1.4267 4.390 0.004 
Contact Area 1 2.2203 2.6201 8.060 0.005 
Experience*Contact Area 1 0.4115 0.4115 1.270 0.261 
Height*Contact Area 3 2.1323 0.5469 1.680 0.169 
Experience*Height*Contact 
Area 3 2.2428 0.7476 2.300 0.076 
Error 868 282.3115 0.3252     
Total 959 535.9765       
 
Peak pressure on forefoot 
Source of Variance 
Degree of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 207.4301 7.4082 30.150 <.0001 
Experience 1 4.9151 4.9151 20.000 <.0001 
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Height 3 296.9653 91.5861 372.680 <.0001 
Experience*Height 3 1.3796 0.4599 1.870 0.133 
Contact Area 1 1.5833 1.9887 8.090 0.005 
Experience*Contact Area 1 0.4511 0.4511 1.840 0.176 
Height*Contact Area 3 1.4822 0.5070 2.060 0.104 
Experience*Height*Contact 
Area 3 1.7821 0.5940 2.420 0.065 
Error 868 213.3087 0.2457     
Total 959 752.5475       
 
Peak pressure on midfoot 
Source of Variance 
Degree of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 27.1139 0.9684 7.160 <.0001 
Experience 1 1.4780 1.4780 10.920 0.001 
Height 3 10.5229 2.3013 17.010 <.0001 
Experience*Height 3 2.2003 0.7334 5.420 0.001 
Contact Area 1 0.0957 0.2681 1.980 0.160 
Experience*Contact Area 1 0.4605 0.4605 3.400 0.065 
Height*Contact Area 3 3.5228 0.7871 5.820 0.001 
Experience*Height*Contact 
Area 3 0.8616 0.2872 2.120 0.096 
Error 868 117.4357 0.1353     
Total 959 169.7158       
 
Peak pressure on heel 
Source of Variance 
Degree of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 193.3393 6.9050 35.110 <.0001 
Experience 1 6.1542 6.1542 31.290 <.0001 
Height 3 165.5329 50.6011 257.290 <.0001 
Experience*Height 3 0.8833 0.2944 1.500 0.214 
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Contact Area 1 1.2761 1.1058 5.620 0.018 
Experience*Contact Area 1 0.0016 0.0016 0.010 0.927 
Height*Contact Area 3 1.4568 0.3157 1.610 0.187 
Experience*Height*Contact 
Area 3 1.2783 0.4261 2.170 0.090 
Error 868 170.7081 0.1967     
Total 959 548.6231       
 
Center of pressure location (mediolateral) 
 Source of Variance 
Degree of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 1.1930 0.0426 46.510 <.0001 
Experience 1 0.0296 0.0296 32.350 <.0001 
Height 3 0.2755 0.0863 94.190 <.0001 
Experience*Height 3 0.0047 0.0016 1.730 0.160 
Contact Area 1 0.0000 0.0002 0.180 0.676 
Experience*Contact Area 1 0.0016 0.0016 1.800 0.181 
Height*Contact Area 3 0.0007 0.0003 0.300 0.826 
Experience*Height*Contact 
Area 3 0.0013 0.0004 0.460 0.709 
Error 868 0.7952 0.0009     
Total 959 2.3213       
 
Center of pressure location (anteroposterior) 
Source of Variance 
Degree of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 3.4003 0.1214 47.520 <.0001 
Experience 1 1.1339 1.1339 443.710 <.0001 
Height 3 8.2954 2.6666 1043.490 <.0001 
Experience*Height 3 0.1240 0.0414 16.180 <.0001 
Contact Area 1 0.0046 0.0015 0.600 0.440 
Experience*Contact Area 1 0.0055 0.0055 2.170 0.141 
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Height*Contact Area 3 0.0122 0.0032 1.260 0.286 
Experience*Height*Contact 
Area 3 0.0043 0.0014 0.560 0.639 
Error 868 2.2181 0.0026     
Total 959 15.6626       
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APPENDIX F 
 
Full Analysis of Variance Tables (Chapter 3) 
 
Stability limits 
Reaction time 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares 
F P-Value 
Subject(Experience) 28 1.401 0.050 7.12 <0.001 
Experience 1 0.001 0.001 0.10 0.747 
Heel height 3 0.032 0.012 1.74 0.164 
Experience*Heel 
height 3 0.055 0.018 2.59 0.058 
Error 84 0.590 0.007     
Total 119 2.079       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares 
F P-Value 
Subject(Experience) 28 2.190 0.078 10.42 <0.001 
Experience 1 0.001 0.001 0.17 0.684 
Height 2 0.116 0.051 6.73 0.002 
Contact area 1 0.018 0.005 0.67 0.413 
Experience*Height 2 0.009 0.004 0.60 0.553 
Experience*Contact area 1 0.027 0.027 3.58 0.061 
Height*Contact area 2 0.014 0.004 0.52 0.598 
Experience*Height*Contact area 2 0.006 0.003 0.38 0.685 
Error 140 1.051 0.008     
Total 179 3.432       
 
Movement velocity 
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Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares 
F P-Value 
Subject(Experience) 28 200.147 7.148 15.58 <0.001 
Experience 1 0.600 0.600 1.31 0.256 
Heel height 3 6.245 1.616 3.52 0.018 
Experience*Heel 
height 3 0.250 0.083 0.18 0.908 
Error 84 38.527 0.459     
Total 119 245.769       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares 
F P-Value 
Subject(Experience) 28 257.767 9.206 20.54 <0.001 
Experience 1 2.401 2.401 5.36 0.022 
Height 2 13.492 4.861 10.84 <0.001 
Contact area 1 0.313 0.560 1.25 0.266 
Experience*Height 2 1.306 0.653 1.46 0.237 
Experience*Contact area 1 0.441 0.441 0.98 0.323 
Height*Contact area 2 0.289 0.046 0.10 0.902 
Experience*Height*Contact area 2 0.683 0.342 0.76 0.469 
Error 140 62.758 0.448     
Total 179 339.450       
 
Endpoint excursion 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares 
F P-Value 
Subject(Experience) 28 6541.440 233.620 9.22 <0.001 
Experience 1 87.600 87.600 3.46 0.067 
Heel height 3 7864.430 2119.080 83.60 <0.001 
Experience*Heel 
height 3 159.110 53.040 2.09 0.107 
BALANCE OF HIGH-HEELED WOMEN: EFFECTS OF HEEL HEIGHT, HEEL CONTACT 
AREA, AND SHOE WEARING EXPERIENCE 
148 
 
Error 84 2129.210 25.350     
Total 119 16781.790       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares 
F P-Value 
Subject(Experience) 28 11490.080 410.360 18.43 <0.001 
Experience 1 202.500 202.500 9.10 0.003 
Height 2 9715.030 3821.510 171.64 <0.001 
Contact area 1 0.670 0.000 0.00 1.000 
Experience*Height 2 308.820 154.410 6.94 0.001 
Experience*Contact area 1 5.380 5.380 0.24 0.624 
Height*Contact area 2 72.540 37.970 1.71 0.185 
Experience*Height*Contact area 2 9.710 4.850 0.22 0.804 
Error 140 3117.020 22.260     
Total 179 24921.750       
  
Maximum excursion 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares 
F P-Value 
Subject(Experience) 28 4760.260 170.010 11.61 <0.001 
Experience 1 343.200 343.200 23.45 <0.001 
Heel height 3 7520.870 2148.350 146.77 <0.001 
Experience*Heel 
height 3 21.550 7.180 0.49 0.690 
Error 84 1229.590 14.640     
Total 119 13875.470       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares 
F P-Value 
Subject(Experience) 28 8437.020 301.320 17.53 <0.001 
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Experience 1 580.140 580.140 33.74 <0.001 
Height 2 9529.640 4104.370 238.73 <0.001 
Contact area 1 7.610 7.800 0.45 0.502 
Experience*Height 2 31.670 15.840 0.92 0.400 
Experience*Contact area 1 0.340 0.340 0.02 0.889 
Height*Contact area 2 18.980 6.670 0.39 0.679 
Experience*Height*Contact area 2 4.010 2.000 0.12 0.890 
Error 140 2406.930 17.190     
Total 179 21016.330       
 
Back 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares 
F P-Value 
Subject(Experience) 28 21202.200 757.200 7.650 <0.001 
Experience 1 1029.200 1029.200 10.400 0.002 
Height 3 21398.700 6587.200 66.530 <0.001 
Experience*Height 3 319.500 106.500 1.080 0.364 
Error 84 8316.800 99.000     
Total 119 52266.400       
 
Forward 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares 
F P-Value 
Subject(Experience) 28 16990.800 606.800 8.780 <0.001 
Experience 1 1480.100 1480.100 21.420 <0.001 
Height 3 19127.400 5097.900 73.770 <0.001 
Experience*Height 3 411.000 137.000 1.980 0.123 
Error 84 5805.100 69.100     
Total 119 43814.400       
 
Left 
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Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares 
F P-Value 
Subject(Experience) 28 8035.650 286.990 5.340 <0.001 
Experience 1 22.820 22.820 0.420 0.516 
Height 3 1096.570 297.980 5.550 0.002 
Experience*Height 3 114.080 38.030 0.710 0.550 
Error 84 4512.850 53.720     
Total 119 13781.970       
 
Right  
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares 
F P-Value 
Subject(Experience) 28 5193.840 185.490 8.090 <0.001 
Experience 1 44.200 44.200 1.930 0.169 
Height 3 1543.230 521.120 22.740 <0.001 
Experience*Height 3 67.210 22.400 0.980 0.407 
Error 84 1925.310 22.920     
Total 119 8773.790       
 
Directional control 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares 
F P-Value 
Subject(Experience) 28 9033.940 322.640 12.69 <0.001 
Experience 1 142.600 142.600 5.61 0.020 
Heel height 3 4020.230 1154.400 45.40 <0.001 
Experience*Heel 
height 3 21.010 7.000 0.28 0.843 
Error 84 2136.010 25.430     
Total 119 15353.790       
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Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares 
F P-Value 
Subject(Experience) 28 16507.030 589.540 25.90 <0.001 
Experience 1 260.100 260.100 11.43 0.001 
Height 2 5107.630 2290.370 100.62 <0.001 
Contact area 1 10.760 6.400 0.28 0.597 
Experience*Height 2 17.320 8.660 0.38 0.684 
Experience*Contact area 1 2.840 2.840 0.12 0.724 
Height*Contact area 2 3.740 1.410 0.06 0.940 
Experience*Height*Contact area 2 10.510 5.250 0.23 0.794 
Error 140 3186.870 22.760     
Total 179 25106.800       
 
Back 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares 
F P-Value 
Subject(Experience) 28 38601.700 1378.600 9.370 <0.001 
Experience 1 380.000 380.000 2.580 0.112 
Height 3 14014.200 4002.500 27.210 <0.001 
Experience*Height 3 114.600 38.200 0.260 0.854 
Error 84 12356.800 147.100     
Total 119 65467.200       
 
Forward 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares 
F P-Value 
Subject(Experience) 28 4733.950 169.070 7.580 <0.001 
Experience 1 150.420 150.420 6.740 0.011 
Height 3 2028.970 536.830 24.060 <0.001 
Experience*Height 3 80.480 26.830 1.200 0.314 
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Error 84 1874.550 22.320     
Total 119 8868.370       
 
Left 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares 
F P-Value 
Subject(Experience) 28 5193.840 185.490 8.090 <0.001 
Experience 1 44.200 44.200 1.930 0.169 
Height 3 1543.230 521.120 22.740 <0.001 
Experience*Height 3 67.210 22.400 0.980 0.407 
Error 84 1925.310 22.920     
Total 119 8773.790       
 
Right  
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares 
F P-Value 
Subject(Experience) 28 6625.580 236.630 6.260 <0.001 
Experience 1 96.270 96.270 2.540 0.114 
Height 3 2560.820 697.630 18.440 <0.001 
Experience*Height 3 143.500 47.830 1.260 0.292 
Error 84 3177.430 37.830     
Total 119 12603.590       
 
Functional mobility 
Timed up and go (Experiment 1) 
Source of Variance 
Degree of 
Freedom 
Sum of 
Squares 
Mean 
Squares 
F P-Value 
Subject(Experience) 28 412.78 14.74 38.36 <.0001 
Experience 1 48.67 48.67 126.65 <.0001 
Height 3 59.71 19.90 51.79 <.0001 
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Experience*Height 3 0.45 0.15 0.39 0.7602 
Contact Area 1 0.08 0.08 0.20 0.6576 
Experience*Contact Area 1 0.19 0.19 0.50 0.4819 
Height*Contact Area 3 0.36 0.12 0.31 0.8183 
Experience*Height*Contact 
Area 3 0.19 0.06 0.17 0.9179 
Error 196 75.33 0.38     
Total 239 604.45       
 
Timed up and go (Experiment 2) 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 183.592 6.557 24.24 <0.001 
Experience 1 1.604 1.604 5.93 0.017 
Height 3 32.697 10.899 40.30 <0.001 
Experience*Height 3 1.393 0.464 1.72 0.170 
Error 84 22.719 0.271     
Total 119 242.005       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 189.760 6.777 23.11 <0.001 
Experience 1 2.406 2.406 8.20 0.005 
Height 1 1.466 1.466 5.00 0.028 
Contact area 1 0.059 0.059 0.20 0.655 
Experience*Height 1 0.214 0.214 0.73 0.396 
Experience*Contact area 1 0.021 0.021 0.07 0.788 
Height*Contact area 1 0.589 0.589 2.01 0.160 
Experience*Height*Contact 
area 1 0.191 0.191 0.65 0.422 
Error 84 24.631 0.293     
Total 119 219.337       
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Walking balance 
Kinematic data 
Center of mass (COM) vertical location 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.046 0.002 70.27 <0.001 
Experience 1 0.000 0.000 0.08 0.772 
Height 3 0.016 0.005 226.42 <0.001 
Experience*Height 3 0.000 0.000 0.55 0.646 
Error 84 0.002 0.000     
Total 119 0.064       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.044 0.002 356.97 <0.001 
Experience 1 0.000 0.000 11.51 0.001 
Height 1 0.004 0.004 845.29 <0.001 
Contact area 1 0.000 0.000 0.00 0.983 
Experience*Height 1 0.000 0.000 1.06 0.307 
Experience*Contact area 1 0.000 0.000 2.67 0.106 
Height*Contact area 1 0.000 0.000 2.87 0.094 
Experience*Height*Contact 
area 1 0.000 0.000 0.49 0.485 
Error 84 0.000 0.000     
Total 119 0.048       
 
Center of mass (COM) vertical displacements 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
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Subject(Experience) 28 0.008 0.000 8.91 <0.001 
Experience 1 0.000 0.000 5.69 0.019 
Height 3 0.000 0.000 4.28 0.007 
Experience*Height 3 0.000 0.000 1.82 0.150 
Error 84 0.003 0.000     
Total 119 0.011       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.007 0.000 10.65 <0.001 
Experience 1 0.000 0.000 6.97 0.010 
Height 1 0.000 0.000 2.57 0.113 
Contact area 1 0.000 0.000 1.70 0.196 
Experience*Height 1 0.000 0.000 5.54 0.021 
Experience*Contact area 1 0.000 0.000 0.00 0.984 
Height*Contact area 1 0.000 0.000 0.09 0.767 
Experience*Height*Contact 
area 1 0.000 0.000 0.84 0.363 
Error 84 0.002 0.000     
Total 119 0.009       
 
Mean of ankle dorsi/plantar (left)  
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 27 746.130 26.870 9.86 <.0001 
Experience 1 5.970 4.750 1.74 0.190 
Heel height 3 7400.660 2460.170 902.85 <.0001 
Experience*Heel 
height 3 5.540 1.850 0.68 0.568 
Error 80 217.990 2.720     
Total 114 8376.290       
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Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 27 688.135 24.970 7.99 <.0001 
Experience 1 29.636 20.943 6.70 0.011 
Height 1 1528.683 1524.637 487.92 <.0001 
Contact area 1 1.370 1.478 0.47 0.494 
Experience*Height 1 0.831 0.723 0.23 0.632 
Experience*Contact area 1 1.234 1.312 0.42 0.519 
Height*Contact area 1 2.018 2.043 0.65 0.421 
Experience*Height*Contact 
area 1 0.077 0.077 0.02 0.876 
Error 79 246.859 3.125     
Total 113 2498.842       
 
Mean of ankle dorsi/plantar (right) 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 27 733.780 27.150 7.65 <.0001 
Experience 1 0.010 0.050 0.01 0.908 
Heel height 3 6851.140 2283.770 643.56 <.0001 
Experience*Heel 
height 3 2.070 0.690 0.19 0.900 
Error 80 283.890 3.550     
Total 114 7870.890       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 27 685.414 26.010 7.90 <.0001 
Experience 1 9.337 4.384 1.33 0.252 
Height 1 1485.048 1491.794 453.34 <.0001 
Contact area 1 6.177 5.884 1.79 0.185 
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Experience*Height 1 3.183 2.740 0.83 0.364 
Experience*Contact area 1 4.429 4.761 1.45 0.233 
Height*Contact area 1 10.846 10.655 3.24 0.076 
Experience*Height*Contact 
area 1 0.580 0.580 0.18 0.676 
Error 79 259.963 3.291     
Total 113 2464.975       
 
Range of ankle dorsi/plantar (left) 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 838.255 29.730 5.43 0.000 
Experience 1 16.661 15.777 2.88 0.093 
Height 3 4.093 1.430 0.26 0.853 
Experience*Height 3 25.705 8.568 1.56 0.204 
Error 83 454.533 5.476     
Total 118 1339.247       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 843.095 29.972 9.02 0.000 
Experience 1 3.929 3.682 1.11 0.296 
Height 1 3.739 3.341 1.01 0.319 
Contact area 1 6.331 6.570 1.98 0.163 
Experience*Height 1 7.449 8.130 2.45 0.122 
Experience*Contact area 1 4.459 4.781 1.44 0.234 
Height*Contact area 1 10.524 10.524 3.17 0.079 
Experience*Height*Contact 
area 1 4.197 4.197 1.26 0.264 
Error 82 272.518 3.323     
Total 117 1156.241       
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Range of ankle dorsi/plantar (right) 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 734.432 26.211 3.73 0.000 
Experience 1 0.882 1.076 0.15 0.696 
Height 3 21.485 7.288 1.04 0.380 
Experience*Height 3 18.522 6.174 0.88 0.456 
Error 83 583.140 7.026     
Total 118 1358.461       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 955.289 34.211 14.98 0.000 
Experience 1 0.102 0.107 0.05 0.829 
Height 1 3.189 3.018 1.32 0.254 
Contact area 1 2.974 3.002 1.31 0.255 
Experience*Height 1 18.531 18.951 8.30 0.005 
Experience*Contact area 1 3.511 3.540 1.55 0.217 
Height*Contact area 1 0.124 0.124 0.05 0.816 
Experience*Height*Contact 
area 1 0.130 0.130 0.06 0.812 
Error 82 187.221 2.283     
Total 117 1171.072       
 
Mean of knee flexion (left) 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 27 1937.874 71.696 56.19 <.0001 
Experience 1 0.855 0.812 0.64 0.427 
Heel height 3 3.894 1.339 1.05 0.375 
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Experience*Heel 
height 3 5.836 1.945 1.52 0.215 
Error 80 102.083 1.276     
Total 114 2050.542       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 27 1844.898 68.340 109.62 <.0001 
Experience 1 1.723 1.536 2.46 0.121 
Height 1 3.897 4.025 6.46 0.013 
Contact area 1 0.012 0.002 0.00 0.961 
Experience*Height 1 0.050 0.065 0.10 0.747 
Experience*Contact area 1 1.609 1.613 2.59 0.112 
Height*Contact area 1 0.000 0.002 0.00 0.958 
Experience*Height*Contact 
area 1 1.265 1.265 2.03 0.158 
Error 79 49.252 0.623     
Total 113 1902.700       
 
Mean of knee flexion (right) 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 27 4142.230 153.440 1.69 0.037 
Experience 1 302.900 295.240 3.26 0.075 
Heel height 3 208.290 64.900 0.72 0.546 
Experience*Heel 
height 3 298.750 99.580 1.10 0.355 
Error 80 7255.120 90.690     
Total 114 12207.300       
  
Source Degree Sum of Mean F P-Value 
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of 
Freedom 
Squares Squares 
Subject(Experience) 27 1027.136 37.503 25.01 <.0001 
Experience 1 66.700 66.927 44.64 <.0001 
Height 1 2.727 2.461 1.64 0.204 
Contact area 1 1.182 0.997 0.66 0.417 
Experience*Height 1 3.540 3.548 2.37 0.128 
Experience*Contact area 1 1.891 1.811 1.21 0.275 
Height*Contact area 1 1.738 1.590 1.06 0.306 
Experience*Height*Contact 
area 1 2.563 2.563 1.71 0.195 
Error 79 118.440 1.499     
Total 113 1225.917       
 
Mean of elbow flexion (left) 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 27 2454.320 91.940 5.11 <.0001 
Experience 1 142.380 143.010 7.94 0.006 
Heel height 3 135.830 44.160 2.45 0.069 
Experience*Heel 
height 3 17.940 5.980 0.33 0.802 
Error 80 1440.110 18.000     
Total 114 4190.580       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 27 1425.351 52.643 25.45 <.0001 
Experience 1 9.227 9.323 4.51 0.037 
Height 1 0.928 0.934 0.45 0.504 
Contact area 1 0.000 0.002 0.00 0.976 
Experience*Height 1 0.055 0.050 0.02 0.876 
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Experience*Contact area 1 0.414 0.408 0.20 0.658 
Height*Contact area 1 0.037 0.035 0.02 0.897 
Experience*Height*Contact 
area 1 0.014 0.014 0.01 0.934 
Error 79 163.387 2.068     
Total 113 1599.414       
 
Mean of elbow flexion (right) 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 27 2208.150 82.140 4.78 <.0001 
Experience 1 85.420 85.300 4.96 0.029 
Heel height 3 63.050 19.300 1.12 0.345 
Experience*Heel 
height 3 91.020 30.340 1.77 0.160 
Error 80 1374.790 17.180     
Total 114 3822.430       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 27 4285.010 159.140 13.99 <.0001 
Experience 1 70.900 71.890 6.32 0.014 
Height 1 1.460 2.030 0.18 0.674 
Contact area 1 0.650 0.380 0.03 0.856 
Experience*Height 1 28.210 26.310 2.31 0.132 
Experience*Contact area 1 36.420 36.840 3.24 0.076 
Height*Contact area 1 2.460 2.350 0.21 0.650 
Experience*Height*Contact 
area 1 0.830 0.830 0.07 0.788 
Error 79 898.410 11.370     
Total 113 5324.340       
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Mean of hip flexion 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 27 1798.489 66.616 15.87 <.0001 
Experience 1 0.006 0.003 0.00 0.978 
Heel height 3 173.812 56.944 13.56 0.000 
Experience*Heel 
height 3 11.977 3.992 0.95 0.420 
Error 80 335.895 4.199     
Total 114 2320.180       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 27 2024.836 74.744 69.06 <.0001 
Experience 1 5.956 6.184 5.71 0.019 
Height 1 20.303 19.426 17.95 <.0001 
Contact area 1 1.030 0.962 0.89 0.349 
Experience*Height 1 1.261 1.139 1.05 0.308 
Experience*Contact area 1 3.589 3.627 3.35 0.071 
Height*Contact area 1 0.284 0.235 0.22 0.643 
Experience*Height*Contact 
area 1 1.881 1.881 1.74 0.191 
Error 79 85.504 1.082     
Total 113 2144.645       
 
Maximum ankle plantarflexion (left) 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 27 115.958 4.290 3.22 <.0001 
Experience 1 2.545 2.486 1.87 0.175 
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Heel height 3 33.507 11.034 8.29 <.0001 
Experience*Heel 
height 3 3.841 1.280 0.96 0.415 
Error 80 106.423 1.330     
Total 114 262.275       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 27 123.764 4.591 5.38 <.0001 
Experience 1 0.997 1.019 1.20 0.278 
Height 1 6.130 5.700 6.68 0.012 
Contact area 1 0.757 0.719 0.84 0.361 
Experience*Height 1 1.447 1.341 1.57 0.214 
Experience*Contact area 1 1.782 1.815 2.13 0.149 
Height*Contact area 1 0.371 0.327 0.38 0.538 
Experience*Height*Contact 
area 1 1.090 1.090 1.28 0.262 
Error 79 67.377 0.853     
Total 113 203.714       
 
Maximum ankle plantarflexion (right) 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 27 135.891 5.031 2.10 0.006 
Experience 1 7.590 7.613 3.17 0.079 
Heel height 3 42.789 14.280 5.95 0.001 
Experience*Heel 
height 3 1.071 0.357 0.15 0.930 
Error 80 192.031 2.400     
Total 114 379.371       
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Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 27 199.225 7.402 10.84 <.0001 
Experience 1 2.638 2.426 3.55 0.063 
Height 1 15.017 15.099 22.12 <.0001 
Contact area 1 1.775 1.705 2.50 0.118 
Experience*Height 1 1.324 1.383 2.03 0.159 
Experience*Contact area 1 0.302 0.317 0.46 0.498 
Height*Contact area 1 0.282 0.289 0.42 0.517 
Experience*Height*Contact 
area 1 0.035 0.035 0.05 0.822 
Error 79 53.923 0.683     
Total 113 274.521       
 
Maximum ankle dorsiflexion (left) 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 27 391.404 14.411 2.26 0.003 
Experience 1 10.259 9.566 1.50 0.224 
Heel height 3 84.422 27.540 4.32 0.007 
Experience*Heel 
height 3 23.146 7.715 1.21 0.311 
Error 80 509.537 6.369     
Total 114 1018.769       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 27 254.468 9.366 14.47 <.0001 
Experience 1 0.020 0.002 0.00 0.962 
Height 1 9.169 9.284 14.34 <.0001 
Contact area 1 0.802 0.784 1.21 0.275 
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Experience*Height 1 0.113 0.147 0.23 0.635 
Experience*Contact area 1 0.454 0.498 0.77 0.383 
Height*Contact area 1 1.861 1.796 2.77 0.100 
Experience*Height*Contact 
area 1 0.423 0.423 0.65 0.421 
Error 79 51.151 0.648     
Total 113 318.461       
 
Maximum ankle dorsiflexion (right) 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 27 251.528 9.334 10.71 <.0001 
Experience 1 0.570 0.463 0.53 0.468 
Heel height 3 45.650 14.949 17.16 <.0001 
Experience*Heel 
height 3 6.289 2.096 2.41 0.073 
Error 80 69.698 0.871     
Total 114 373.735       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 27 241.251 8.942 19.31 <.0001 
Experience 1 0.090 0.042 0.09 0.764 
Height 1 11.540 11.179 24.14 <.0001 
Contact area 1 0.218 0.214 0.46 0.498 
Experience*Height 1 3.981 4.059 8.76 0.004 
Experience*Contact area 1 0.114 0.123 0.27 0.608 
Height*Contact area 1 0.306 0.288 0.62 0.433 
Experience*Height*Contact 
area 1 0.207 0.207 0.45 0.506 
Error 79 36.591 0.463     
Total 113 294.298       
BALANCE OF HIGH-HEELED WOMEN: EFFECTS OF HEEL HEIGHT, HEEL CONTACT 
AREA, AND SHOE WEARING EXPERIENCE 
166 
 
 
Range of knee flexion (left) 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 27 4102.490 149.400 18.31 <.0001 
Experience 1 161.010 168.230 20.62 <.0001 
Heel height 3 2675.540 887.840 108.80 <.0001 
Experience*Heel 
height 3 12.560 4.190 0.51 0.675 
Error 80 652.830 8.160     
Total 114 7604.430       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 27 4033.480 146.730 29.83 <.0001 
Experience 1 139.410 151.190 30.73 <.0001 
Height 1 625.530 616.240 125.27 <.0001 
Contact area 1 0.240 0.390 0.08 0.779 
Experience*Height 1 5.610 6.370 1.30 0.258 
Experience*Contact area 1 5.260 5.740 1.17 0.283 
Height*Contact area 1 17.240 17.880 3.63 0.060 
Experience*Height*Contact 
area 1 4.990 4.990 1.01 0.317 
Error 79 388.620 4.920     
Total 113 5220.360       
 
Range of knee flexion (right) 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 27 2592.020 95.890 9.73 <.0001 
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Experience 1 236.560 230.860 23.42 <.0001 
Heel height 3 1910.150 637.720 64.70 <.0001 
Experience*Heel 
height 3 7.280 2.430 0.25 0.864 
Error 80 788.500 9.860     
Total 114 5534.510       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 27 2051.036 75.737 20.99 <.0001 
Experience 1 265.816 252.265 69.90 <.0001 
Height 1 482.885 473.518 131.20 <.0001 
Contact area 1 3.410 3.577 0.99 0.323 
Experience*Height 1 7.183 7.594 2.10 0.151 
Experience*Contact area 1 0.031 0.009 0.00 0.961 
Height*Contact area 1 10.439 10.879 3.01 0.086 
Experience*Height*Contact 
area 1 3.854 3.854 1.07 0.305 
Error 79 285.115 3.609     
Total 113 3109.769       
 
Range of elbow flexion (left) 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 27 7775.300 289.010 9.06 <.0001 
Experience 1 282.750 282.680 8.86 0.004 
Heel height 3 417.870 139.290 4.37 0.007 
Experience*Heel 
height 3 1.630 0.540 0.02 0.997 
Error 80 2552.020 31.900     
Total 114 11029.580       
 
BALANCE OF HIGH-HEELED WOMEN: EFFECTS OF HEEL HEIGHT, HEEL CONTACT 
AREA, AND SHOE WEARING EXPERIENCE 
168 
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 27 4285.010 159.140 13.99 <.0001 
Experience 1 70.900 71.890 6.32 0.014 
Height 1 1.460 2.030 0.18 0.674 
Contact area 1 0.650 0.380 0.03 0.856 
Experience*Height 1 28.210 26.310 2.31 0.132 
Experience*Contact area 1 36.420 36.840 3.24 0.076 
Height*Contact area 1 2.460 2.350 0.21 0.650 
Experience*Height*Contact 
area 1 0.830 0.830 0.07 0.788 
Error 79 898.410 11.370     
Total 113 5324.340       
 
Range of elbow flexion (right) 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 27 7188.410 266.120 9.21 <.0001 
Experience 1 69.180 69.910 2.42 0.124 
Heel height 3 127.360 39.320 1.36 0.261 
Experience*Heel 
height 3 185.160 61.720 2.13 0.102 
Error 80 2312.660 28.910     
Total 114 9882.770       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 27 4641.750 171.960 10.45 <.0001 
Experience 1 4.640 4.810 0.29 0.590 
Height 1 0.080 0.170 0.01 0.919 
Contact area 1 1.400 1.350 0.08 0.775 
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Experience*Height 1 27.680 27.580 1.68 0.199 
Experience*Contact area 1 3.000 2.840 0.17 0.679 
Height*Contact area 1 2.940 3.380 0.21 0.652 
Experience*Height*Contact 
area 1 12.110 12.110 0.74 0.393 
Error 79 1299.480 16.450     
Total 113 5993.090       
 
Range of hip flexion 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 27 2592.806 96.667 15.61 <.0001 
Experience 1 182.537 182.763 29.50 <.0001 
Heel height 3 322.371 106.977 17.27 <.0001 
Experience*Heel 
height 3 2.946 0.982 0.16 0.924 
Error 80 495.554 6.194     
Total 114 3596.214       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 27 2823.767 105.976 22.31 <.0001 
Experience 1 257.682 262.545 55.28 <.0001 
Height 1 67.908 66.838 14.07 <.0001 
Contact area 1 1.524 1.600 0.34 0.563 
Experience*Height 1 0.797 0.640 0.13 0.715 
Experience*Contact area 1 6.386 6.549 1.38 0.244 
Height*Contact area 1 2.354 2.096 0.44 0.508 
Experience*Height*Contact 
area 1 5.846 5.846 1.23 0.271 
Error 79 375.183 4.749     
Total 113 3541.449       
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Muscular activities 
Muscle effort 
Gastrocnemius medialis 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.943 0.034 20.08 <.0001 
Experience 1 0.015 0.015 8.66 0.004 
Height 3 0.055 0.018 10.85 <.0001 
Experience*Height 3 0.003 0.001 0.55 0.651 
Error 84 0.141 0.002     
Total 119 1.156       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.957 0.034 19.06 <.0001 
Experience 1 0.029 0.029 16.14 <.0001 
Height 1 0.009 0.009 4.96 0.029 
Contact area 1 0.001 0.001 0.49 0.486 
Experience*Height 1 0.004 0.004 2.30 0.133 
Experience*Contact area 1 0.001 0.001 0.45 0.502 
Height*Contact area 1 0.002 0.002 1.28 0.260 
Experience*Height*Contact 
area 1 0.000 0.000 0.07 0.796 
Error 84 0.151 0.002     
Total 119 1.154       
 
Gastrocnemius lateralis 
Source 
Degree 
of 
Sum of 
Squares 
Mean 
Squares F P-Value 
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Freedom 
Subject(Experience) 28 1.289 0.046 15.97 <.0001 
Experience 1 0.001 0.001 0.18 0.669 
Height 3 0.203 0.068 23.49 <.0001 
Experience*Height 3 0.007 0.002 0.85 0.470 
Error 84 0.242 0.003     
Total 119 1.743       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 1.144 0.041 12.72 <.0001 
Experience 1 0.000 0.000 0.00 0.979 
Height 1 0.032 0.032 9.85 0.002 
Contact area 1 0.002 0.002 0.75 0.388 
Experience*Height 1 0.001 0.001 0.31 0.579 
Experience*Contact area 1 0.000 0.000 0.00 0.977 
Height*Contact area 1 0.000 0.000 0.03 0.858 
Experience*Height*Contact 
area 1 0.010 0.010 3.08 0.083 
Error 84 0.270 0.003     
Total 119 1.458       
 
Tibialis anterior 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.279 0.010 21.81 <.0001 
Experience 1 0.003 0.003 6.34 0.014 
Height 3 0.001 0.000 0.96 0.414 
Experience*Height 3 0.002 0.001 1.33 0.270 
Error 84 0.038 0.000     
Total 119 0.323       
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Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.239 0.009 13.94 <.0001 
Experience 1 0.004 0.004 6.27 0.014 
Height 1 0.001 0.001 1.49 0.226 
Contact area 1 0.001 0.001 1.48 0.227 
Experience*Height 1 0.001 0.001 1.84 0.179 
Experience*Contact area 1 0.000 0.000 0.00 0.982 
Height*Contact area 1 0.002 0.002 3.05 0.084 
Experience*Height*Contact 
area 1 0.001 0.001 1.05 0.308 
Error 84 0.052 0.001     
Total 119 0.300       
 
Vastus medialis 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 1.583 0.057 13.17 <.0001 
Experience 1 0.000 0.000 0.01 0.906 
Height 3 0.108 0.036 8.40 <.0001 
Experience*Height 3 0.007 0.002 0.53 0.666 
Error 84 0.361 0.004     
Total 119 2.059       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 1.484 0.053 16.68 <.0001 
Experience 1 0.000 0.000 0.14 0.710 
Height 1 0.006 0.006 1.99 0.162 
Contact area 1 0.003 0.003 0.84 0.361 
Experience*Height 1 0.003 0.003 0.86 0.356 
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Experience*Contact area 1 0.003 0.003 0.95 0.333 
Height*Contact area 1 0.000 0.000 0.13 0.719 
Experience*Height*Contact 
area 1 0.000 0.000 0.05 0.832 
Error 84 0.267 0.003     
Total 119 1.766       
 
Vastus lateralis 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.690 0.025 13.81 <.0001 
Experience 1 0.035 0.035 19.47 <.0001 
Height 3 0.273 0.091 50.98 <.0001 
Experience*Height 3 0.004 0.001 0.80 0.498 
Error 84 0.150 0.002     
Total 119 1.151       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.839 0.030 11.97 <.0001 
Experience 1 0.032 0.032 12.70 0.001 
Height 1 0.033 0.033 13.31 <.0001 
Contact area 1 0.000 0.000 0.08 0.784 
Experience*Height 1 0.000 0.000 0.06 0.811 
Experience*Contact area 1 0.001 0.001 0.44 0.511 
Height*Contact area 1 0.000 0.000 0.00 0.949 
Experience*Height*Contact 
area 1 0.001 0.001 0.47 0.496 
Error 84 0.210 0.003     
Total 119 1.117       
 
Erector spinae 
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Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.194 0.007 14.22 <.0001 
Experience 1 0.000 0.000 0.51 0.478 
Height 3 0.015 0.005 10.42 <.0001 
Experience*Height 3 0.001 0.000 0.49 0.691 
Error 84 0.041 0.000     
Total 119 0.251       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.191 0.007 15.39 <.0001 
Experience 1 0.000 0.000 0.47 0.495 
Height 1 0.000 0.000 0.83 0.365 
Contact area 1 0.000 0.000 0.02 0.899 
Experience*Height 1 0.000 0.000 0.53 0.469 
Experience*Contact area 1 0.001 0.001 1.35 0.249 
Height*Contact area 1 0.000 0.000 0.12 0.735 
Experience*Height*Contact 
area 1 0.000 0.000 0.27 0.604 
Error 84 0.037 0.000     
Total 119 0.230       
 
Muscle fatigue, 0 cm 
Gastrocnemius medialis 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.685 0.024 3.79 <.0001 
Experience 1 0.029 0.029 4.50 0.056 
Minute 5 0.054 0.011 1.67 0.145 
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Experience*Minute 5 0.060 0.012 1.86 0.104 
Error 140 0.902 0.006     
Total 179 1.730       
 
Gastrocnemius lateralis 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.907 0.032 3.52 <.0001 
Experience 1 0.048 0.048 4.07 <.0001 
Minute 5 0.041 0.008 1.02 0.407 
Experience*Minute 5 0.044 0.009 0.96 0.445 
Error 140 1.288 0.009     
Total 179 2.500       
 
Tibialis anterior 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 1.116 0.040 7.44 <.0001 
Experience 1 0.003 0.003 0.51 0.475 
Minute 5 0.011 0.002 0.42 0.837 
Experience*Minute 5 0.010 0.002 0.38 0.859 
Error 140 0.750 0.005     
Total 179 1.891       
 
Vastus medialis 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.944 0.034 5.62 <.0001 
Experience 1 0.015 0.015 2.46 0.119 
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Minute 5 0.023 0.005 0.75 0.584 
Experience*Minute 5 0.024 0.005 0.81 0.544 
Error 140 0.841 0.006     
Total 179 1.847       
 
Vastus lateralis 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.434 0.015 3.14 <.0001 
Experience 1 0.005 0.005 0.97 0.326 
Minute 5 0.005 0.001 0.22 0.955 
Experience*Minute 5 0.027 0.005 1.12 0.355 
Error 140 0.690 0.005     
Total 179 1.162       
 
Erector spinae 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 2.252 0.080 10.30 <.0001 
Experience 1 0.021 0.021 2.71 0.102 
Minute 5 0.040 0.008 1.03 0.400 
Experience*Minute 5 0.053 0.011 1.35 0.246 
Error 140 1.093 0.008     
Total 179 3.459       
 
Min 
P-Value 
GM GL TA VM VL ES 
2 0.177 0.129 0.937 0.523 0.342 0.570 
4 0.021 0.265 0.914 0.137 0.380 0.112 
6 0.012 0.001 0.446 0.483 0.458 0.460 
8 0.028 0.443 0.830 0.313 0.369 0.207 
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10 0.001 0.117 0.788 0.124 0.834 0.291 
 
Muscle fatigue, 4 cm 
Gastrocnemius medialis 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.852 0.030 3.79 <.0001 
Experience 1 0.003 0.003 0.37 0.542 
Minute 5 0.048 0.048 4.07 <.0001 
Experience*Minute 5 0.022 0.004 0.55 0.737 
Error 140 1.125 0.008     
Total 179 2.044       
 
Gastrocnemius lateralis 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 3.640 0.130 6.64 <.0001 
Experience 1 0.004 0.004 0.36 0.507 
Minute 5 0.071 0.014 0.73 0.603 
Experience*Minute 5 0.073 0.015 0.75 0.588 
Error 140 2.742 0.020     
Total 179 6.671       
 
Tibialis anterior 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.528 0.019 4.72 <.0001 
Experience 1 0.001 0.001 0.32 0.574 
Minute 5 0.020 0.004 1.01 0.417 
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Experience*Minute 5 0.011 0.002 0.55 0.739 
Error 140 0.558 0.004     
Total 179 1.118       
 
Vastus medialis 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 3.202 0.114 7.53 <.0001 
Experience 1 0.005 0.005 0.35 0.554 
Minute 5 0.063 0.013 0.83 0.528 
Experience*Minute 5 0.060 0.012 0.79 0.556 
Error 140 2.126 0.015     
Total 179 5.457       
 
Vastus lateralis 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 1.590 0.057 6.12 <.0001 
Experience 1 0.006 0.006 0.25 0.451 
Minute 5 0.057 0.011 1.22 0.303 
Experience*Minute 5 0.108 0.022 2.33 0.045 
Error 140 1.300 0.009     
Total 179 3.259       
 
Erector spinae 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 1.683 0.060 5.88 <.0001 
Experience 1 0.008 0.008 0.68 0.546 
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Minute 5 0.076 0.015 1.49 0.196 
Experience*Minute 5 0.065 0.013 1.27 0.281 
Error 140 1.431 0.010     
Total 179 3.334       
 
Min 
P-Value 
GM GL TA VM VL ES 
2 0.342 0.091 0.810 0.924 0.238 0.417 
4 0.090 0.817 0.373 0.369 0.625 0.338 
6 0.055 0.584 0.473 0.562 0.300 0.343 
8 0.038 0.565 0.059 0.682 0.279 0.147 
10 0.027 0.873 0.182 0.452 0.290 0.287 
 
Muscle fatigue, 7 cm 
Gastrocnemius medialis 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.800 0.029 4.28 <.0001 
Experience 1 0.956 0.956 1.13 0.291 
Minute 5 0.144 0.029 4.31 0.001 
Experience*Minute 5 0.057 0.011 1.70 0.139 
Error 140 0.934 0.007     
Total 179 2.033       
 
Gastrocnemius lateralis 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 3.351 0.120 10.86 <.0001 
Experience 1 0.000 0.000 0.58 0.447 
Minute 5 0.208 0.042 3.78 0.003 
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Experience*Minute 5 0.110 0.022 1.99 0.083 
Error 140 1.542 0.011     
Total 179 5.421       
 
Tibialis anterior 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.359 0.013 3.60 <.0001 
Experience 1 0.000 0.000 0.00 0.962 
Minute 5 0.047 0.009 2.64 0.026 
Experience*Minute 5 0.030 0.006 1.70 0.138 
Error 140 0.499 0.004     
Total 179 0.981       
 
Vastus medialis 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 1.998 0.071 8.44 <.0001 
Experience 1 0.000 0.000 0.00 0.992 
Minute 5 0.067 0.013 1.58 0.169 
Experience*Minute 5 0.027 0.005 0.64 0.667 
Error 140 1.183 0.008     
Total 179 3.276       
 
Vastus lateralis 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 1.142 0.041 5.88 <.0001 
Experience 1 0.000 0.000 0.01 0.904 
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Minute 5 0.049 0.010 1.43 0.218 
Experience*Minute 5 0.051 0.010 1.46 0.207 
Error 140 0.971 0.007     
Total 179 2.210       
 
Erector spinae 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.834 0.030 4.07 <.0001 
Experience 1 0.003 0.003 0.39 0.536 
Minute 5 0.057 0.011 1.57 0.173 
Experience*Minute 5 0.013 0.003 0.35 0.880 
Error 140 1.025 0.007     
Total 179 1.932       
 
Min 
P-Value 
GM GL TA VM VL ES 
2 0.868 0.026 0.002 0.959 0.963 0.814 
4 0.605 0.022 0.000 0.220 0.119 0.753 
6 0.005 0.005 0.034 0.371 0.147 0.054 
8 0.010 0.030 0.016 0.069 0.202 0.710 
10 0.078 0.050 0.041 0.612 0.453 0.550 
 
Muscle fatigue, 10 cm 
Gastrocnemius medialis 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.627 0.022 4.35 <.0001 
Experience 1 0.002 0.002 0.40 0.529 
Minute 5 0.108 0.022 4.19 0.001 
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Experience*Minute 5 0.043 0.009 1.66 0.149 
Error 140 0.720 0.005     
Total 179 1.500       
 
Gastrocnemius lateralis 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 1.300 0.046 5.44 <.0001 
Experience 1 0.002 0.002 0.23 0.633 
Minute 5 0.115 0.023 2.70 0.023 
Experience*Minute 5 0.006 0.001 0.14 0.984 
Error 140 1.195 0.009     
Total 179 2.618       
 
Tibialis anterior 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.315 0.011 4.90 <.0001 
Experience 1 0.041 0.041 17.99 <.0001 
Minute 5 0.090 0.018 7.89 <.0001 
Experience*Minute 5 0.019 0.004 1.65 0.152 
Error 140 0.321 0.002     
Total 179 0.786       
 
Vastus medialis 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 2.082 0.074 2.93 <.0001 
Experience 1 0.011 0.011 0.43 0.515 
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Minute 5 0.164 0.033 1.29 0.270 
Experience*Minute 5 0.111 0.022 0.88 0.498 
Error 140 3.551 0.025     
Total 179 5.919       
 
Vastus lateralis 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 2.137 0.076 8.71 <.0001 
Experience 1 0.005 0.005 3.19 0.078 
Minute 5 0.152 0.030 3.47 0.005 
Experience*Minute 5 0.064 0.013 1.47 0.203 
Error 140 1.227 0.009     
Total 179 3.700       
 
Erector spinae 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 2.335 0.083 8.39 <.0001 
Experience 1 0.025 0.025 2.52 0.114 
Minute 5 0.006 0.001 0.12 0.987 
Experience*Minute 5 0.029 0.006 0.59 0.711 
Error 140 1.391 0.010     
Total 179 3.786       
 
Min 
P-Value 
GM GL TA VM VL ES 
2 0.416 0.950 0.541 0.745 0.276 0.788 
4 0.007 0.016 0.022 0.178 0.138 0.850 
6 0.000 0.013 0.030 0.154 0.006 0.699 
8 0.004 0.014 0.000 0.064 0.019 0.759 
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10 0.020 0.042 0.001 0.053 0.010 0.985 
 
Muscle fatigue, A2 
Gastrocnemius medialis 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.905 0.032 4.93 <.0001 
Experience 1 0.003 0.003 0.40 0.529 
Minute 5 0.162 0.032 4.94 <.0001 
Experience*Minute 5 0.034 0.007 1.03 0.401 
Error 320 2.098 0.007     
Total 359 3.202       
 
Gastrocnemius lateralis 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 2.086 0.075 5.32 <.0001 
Experience 1 0.009 0.009 0.61 0.435 
Minute 5 0.254 0.051 3.62 0.003 
Experience*Minute 5 0.035 0.007 0.50 0.778 
Error 320 4.483 0.014     
Total 359 6.866       
 
Tibialis anterior 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.432 0.015 2.99 <.0001 
Experience 1 0.006 0.006 0.71 0.451 
Minute 5 0.025 0.005 0.99 0.427 
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Experience*Minute 5 0.030 0.006 1.17 0.323 
Error 320 1.652 0.005     
Total 359 2.226       
 
Vastus medialis 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 4.255 0.152 5.45 <.0001 
Experience 1 0.004 0.004 0.16 0.692 
Minute 5 0.073 0.015 0.52 0.760 
Experience*Minute 5 0.018 0.004 0.13 0.986 
Error 320 8.922 0.028     
Total 359 13.271       
 
Vastus lateralis 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 1.478 0.053 6.28 <.0001 
Experience 1 0.037 0.037 4.38 0.057 
Minute 5 0.014 0.003 0.32 0.898 
Experience*Minute 5 0.022 0.004 0.52 0.760 
Error 320 2.691 0.008     
Total 359 4.241       
 
Erector spinae 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 1.338 0.048 3.83 <.0001 
Experience 1 0.046 0.046 3.68 0.056 
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Minute 5 0.028 0.006 0.46 0.809 
Experience*Minute 5 0.022 0.004 0.36 0.876 
Error 320 3.996 0.012     
Total 359 5.431       
 
Min 
P-Value 
GM GL TA VM VL ES 
2 0.005 0.034 0.652 0.246 0.450 0.836 
4 0.000 0.013 0.411 0.167 0.371 0.438 
6 0.000 0.003 0.069 0.972 0.742 0.793 
8 0.000 0.000 0.090 0.924 0.978 0.554 
10 0.003 0.001 0.290 0.821 0.760 0.471 
 
Muscle fatigue, A1 
Gastrocnemius medialis 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.861 0.031 3.27 <.0001 
Experience 1 0.033 0.033 3.52 0.061 
Minute 5 0.124 0.025 2.64 0.024 
Experience*Minute 5 0.050 0.010 1.07 0.378 
Error 320 3.009 0.009     
Total 359 4.077       
 
Gastrocnemius lateralis 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 4.403 0.157 6.19 <.0001 
Experience 1 0.003 0.003 0.12 0.728 
Minute 5 0.113 0.023 0.89 0.489 
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Experience*Minute 5 0.098 0.020 0.77 0.572 
Error 320 8.127 0.025     
Total 359 12.744       
 
Tibialis anterior 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.573 0.020 4.42 <.0001 
Experience 1 0.016 0.016 3.43 0.065 
Minute 5 0.046 0.009 1.98 0.081 
Experience*Minute 5 0.015 0.003 0.64 0.667 
Error 320 1.480 0.005     
Total 359 2.129       
 
Vastus medialis 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 2.382 0.085 4.27 <.0001 
Experience 1 0.003 0.003 0.14 0.711 
Minute 5 0.047 0.009 0.47 0.800 
Experience*Minute 5 0.026 0.005 0.26 0.935 
Error 320 6.371 0.020     
Total 359 8.828       
 
Vastus lateralis 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 1.317 0.047 3.88 <.0001 
Experience 1 0.008 0.008 0.16 0.505 
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Minute 5 0.057 0.011 0.94 0.452 
Experience*Minute 5 0.121 0.024 2.00 0.078 
Error 320 3.882 0.012     
Total 359 5.475       
 
Erector spinae 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 1.040 0.037 2.95 <.0001 
Experience 1 0.006 0.006 0.41 0.360 
Minute 5 0.093 0.019 1.47 0.199 
Experience*Minute 5 0.050 0.010 0.80 0.553 
Error 320 4.029 0.013     
Total 359 5.267       
  
Min 
P-Value 
GM GL TA VM VL ES 
2 0.396 0.760 0.058 0.917 0.511 0.558 
4 0.092 0.076 0.071 0.968 0.402 0.316 
6 0.001 0.112 0.043 0.285 0.081 0.049 
8 0.002 0.433 0.091 0.413 0.098 0.193 
10 0.022 0.129 0.068 0.778 0.191 0.223 
 
Plantar pressure 
Force distribution on toe 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.743 0.027 22.52 <.0001 
Experience 1 0.001 0.001 1.02 0.316 
Height 3 0.045 0.015 12.68 <.0001 
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Experience*Height 3 0.007 0.002 1.91 0.134 
Error 84 0.099 0.001     
Total 119 0.894       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.791 0.028 34.87 <.0001 
Experience 1 0.004 0.004 5.41 0.022 
Height 1 0.002 0.002 2.22 0.140 
Contact area 1 0.000 0.000 0.44 0.510 
Experience*Height 1 0.000 0.000 0.29 0.591 
Experience*Contact area 1 0.000 0.000 0.00 0.968 
Height*Contact area 1 0.000 0.000 0.02 0.876 
Experience*Height*Contact 
area 1 0.002 0.002 1.96 0.165 
Error 84 0.068 0.001     
Total 119 0.867       
 
Force distribution on forefoot 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 1.111 0.040 9.50 <.0001 
Experience 1 0.007 0.007 1.74 0.190 
Height 3 0.657 0.219 52.42 <.0001 
Experience*Height 3 0.004 0.001 0.31 0.820 
Error 84 0.351 0.004     
Total 119 2.129       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
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Subject(Experience) 28 1.348 0.048 19.84 <.0001 
Experience 1 0.017 0.017 7.09 0.009 
Height 1 0.160 0.160 65.77 <.0001 
Contact area 1 0.000 0.000 0.01 0.941 
Experience*Height 1 0.000 0.000 0.02 0.888 
Experience*Contact area 1 0.000 0.000 0.02 0.893 
Height*Contact area 1 0.011 0.011 4.58 0.035 
Experience*Height*Contact 
area 1 0.003 0.003 1.38 0.244 
Error 84 0.204 0.002     
Total 119 1.744       
 
Force distribution on midfoot 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.087 0.003 18.75 <.0001 
Experience 1 0.013 0.013 78.43 <.0001 
Height 3 0.007 0.002 15.11 <.0001 
Experience*Height 3 0.002 0.001 3.45 0.020 
Error 84 0.014 0.000     
Total 119 0.122       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.112 0.004 49.82 <.0001 
Experience 1 0.015 0.015 190.30 <.0001 
Height 1 0.002 0.002 20.11 <.0001 
Contact area 1 0.000 0.000 1.53 0.219 
Experience*Height 1 0.001 0.001 9.24 0.003 
Experience*Contact area 1 0.000 0.000 0.01 0.920 
Height*Contact area 1 0.001 0.001 15.12 <.0001 
Experience*Height*Contact 1 0.000 0.000 1.90 0.172 
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area 
Error 84 0.007 0.000     
Total 119 0.138       
 
Force distribution on heel 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.318 0.011 3.05 <.0001 
Experience 1 0.027 0.027 7.26 0.009 
Height 3 0.724 0.241 64.81 <.0001 
Experience*Height 3 0.004 0.001 0.38 0.766 
Error 84 0.313 0.004     
Total 119 1.387       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.411 0.015 9.10 <.0001 
Experience 1 0.036 0.036 22.07 <.0001 
Height 1 0.161 0.161 100.17 <.0001 
Contact area 1 0.001 0.001 0.70 0.406 
Experience*Height 1 0.000 0.000 0.22 0.640 
Experience*Contact area 1 0.000 0.000 0.01 0.910 
Height*Contact area 1 0.004 0.004 2.71 0.103 
Experience*Height*Contact 
area 1 0.001 0.001 0.57 0.452 
Error 84 0.135 0.002     
Total 119 0.750       
 
Overall peak pressure 
Source 
Degree 
of 
Sum of 
Squares 
Mean 
Squares F P-Value 
BALANCE OF HIGH-HEELED WOMEN: EFFECTS OF HEEL HEIGHT, HEEL CONTACT 
AREA, AND SHOE WEARING EXPERIENCE 
192 
 
Freedom 
Subject(Experience) 28 534.259 19.081 14.94 <.0001 
Experience 1 50.433 50.433 39.48 <.0001 
Height 3 33.366 11.122 8.71 <.0001 
Experience*Height 3 1.633 0.544 0.43 0.735 
Error 84 107.291 1.277     
Total 119 726.983       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 565.179 20.185 18.33 <.0001 
Experience 1 49.741 49.741 45.16 <.0001 
Height 1 10.862 10.862 9.86 0.002 
Contact area 1 0.052 0.052 0.05 0.829 
Experience*Height 1 0.027 0.027 0.02 0.875 
Experience*Contact area 1 0.584 0.584 0.53 0.469 
Height*Contact area 1 1.669 1.669 1.52 0.222 
Experience*Height*Contact 
area 1 1.299 1.299 1.18 0.281 
Error 84 92.522 1.101     
Total 119 721.935       
 
Peak pressure on toe 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 575.540 20.555 20.23 <.0001 
Experience 1 8.120 8.120 7.99 0.006 
Height 3 31.281 10.427 10.26 <.0001 
Experience*Height 3 6.680 2.227 2.19 0.095 
Error 84 85.370 1.016     
Total 119 706.991       
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Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 599.093 21.396 17.30 <.0001 
Experience 1 11.790 11.790 9.54 0.003 
Height 1 6.847 6.847 5.54 0.021 
Contact area 1 0.058 0.058 0.05 0.829 
Experience*Height 1 0.013 0.013 0.01 0.919 
Experience*Contact area 1 0.025 0.025 0.02 0.888 
Height*Contact area 1 3.423 3.423 2.77 0.100 
Experience*Height*Contact 
area 1 7.830 7.830 6.33 0.014 
Error 84 103.866 1.236     
Total 119 732.945       
 
Peak pressure on forefoot 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 180.690 6.453 3.42 <.0001 
Experience 1 19.714 19.714 10.44 0.002 
Height 3 56.345 18.782 9.95 <.0001 
Experience*Height 3 0.824 0.275 0.15 0.932 
Error 84 158.549 1.887     
Total 119 416.123       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 214.396 7.657 11.73 <.0001 
Experience 1 22.112 22.112 33.87 <.0001 
Height 1 6.430 6.430 9.85 0.002 
Contact area 1 2.892 2.892 4.43 0.038 
Experience*Height 1 0.283 0.283 0.43 0.512 
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Experience*Contact area 1 0.001 0.001 0.00 0.963 
Height*Contact area 1 0.643 0.643 0.99 0.324 
Experience*Height*Contact 
area 1 0.114 0.114 0.17 0.677 
Error 84 54.834 0.653     
Total 119 301.706       
 
Peak pressure on midfoot 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 20.342 0.727 2.11 0.005 
Experience 1 2.473 2.473 7.19 0.009 
Height 3 0.448 0.149 0.43 0.729 
Experience*Height 3 0.422 0.141 0.41 0.747 
Error 84 28.881 0.344     
Total 119 52.565       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 22.164 0.792 11.33 <.0001 
Experience 1 2.826 2.826 40.45 <.0001 
Height 1 0.000 0.000 0.01 0.942 
Contact area 1 0.096 0.096 1.37 0.245 
Experience*Height 1 0.004 0.004 0.06 0.802 
Experience*Contact area 1 0.119 0.119 1.71 0.195 
Height*Contact area 1 0.009 0.009 0.13 0.722 
Experience*Height*Contact 
area 1 0.003 0.003 0.05 0.824 
Error 84 5.868 0.070     
Total 119 31.090       
 
Peak pressure on heel 
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Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 84.149 3.005 3.55 <.0001 
Experience 1 0.956 0.956 1.13 0.291 
Height 3 71.117 23.706 27.97 <.0001 
Experience*Height 3 1.055 0.352 0.41 0.743 
Error 84 71.188 0.848     
Total 119 228.464       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 94.328 3.369 6.55 <.0001 
Experience 1 2.017 2.017 3.92 0.051 
Height 1 8.375 8.375 16.28 <.0001 
Contact area 1 1.814 1.814 3.53 0.064 
Experience*Height 1 0.916 0.916 1.78 0.186 
Experience*Contact area 1 0.001 0.001 0.00 0.964 
Height*Contact area 1 0.307 0.307 0.60 0.442 
Experience*Height*Contact 
area 1 0.140 0.140 0.27 0.604 
Error 84 43.201 0.514     
Total 119 151.098       
 
Center of pressure (COP) location (mediolateral) 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.153 0.005 9.37 <.0001 
Experience 1 0.009 0.009 14.61 <.0001 
Height 3 0.016 0.005 9.11 <.0001 
Experience*Height 3 0.002 0.001 1.41 0.247 
Error 84 0.049 0.001     
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Total 119 0.229       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.159 0.006 15.61 <.0001 
Experience 1 0.003 0.003 6.96 0.010 
Height 1 0.000 0.000 0.15 0.701 
Contact area 1 0.000 0.000 0.03 0.856 
Experience*Height 1 0.000 0.000 0.16 0.686 
Experience*Contact area 1 0.001 0.001 1.77 0.188 
Height*Contact area 1 0.001 0.001 1.64 0.203 
Experience*Height*Contact 
area 1 0.000 0.000 0.87 0.355 
Error 84 0.031 0.000     
Total 119 0.193       
 
Center of pressure (COP) location (anteroposterior) 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.285 0.010 7.24 <.0001 
Experience 1 0.020 0.020 13.98 <.0001 
Height 3 0.423 0.141 100.20 <.0001 
Experience*Height 3 0.003 0.001 0.82 0.488 
Error 84 0.118 0.001     
Total 119 0.850       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.275 0.010 15.19 <.0001 
Experience 1 0.023 0.023 35.53 <.0001 
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Height 1 0.075 0.075 116.09 <.0001 
Contact area 1 0.000 0.000 0.58 0.447 
Experience*Height 1 0.000 0.000 0.00 0.962 
Experience*Contact area 1 0.000 0.000 0.06 0.802 
Height*Contact area 1 0.003 0.003 4.85 0.030 
Experience*Height*Contact 
area 1 0.000 0.000 0.01 0.927 
Error 84 0.054 0.001     
Total 119 0.431       
 
Center of pressure (COP) location changes (mediolateral) 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.675 0.024 10.02 <.0001 
Experience 1 0.007 0.007 2.78 0.099 
Height 3 0.004 0.001 0.55 0.652 
Experience*Height 3 0.007 0.002 0.98 0.407 
Error 84 0.202 0.002     
Total 119 0.895       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.728 0.026 15.12 <.0001 
Experience 1 0.010 0.010 6.08 0.016 
Height 1 0.010 0.010 5.76 0.019 
Contact area 1 0.005 0.005 3.19 0.078 
Experience*Height 1 0.007 0.007 3.87 0.052 
Experience*Contact area 1 0.001 0.001 0.87 0.355 
Height*Contact area 1 0.000 0.000 0.07 0.797 
Experience*Height*Contact 
area 1 0.000 0.000 0.03 0.854 
Error 84 0.144 0.002     
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Total 119 0.906       
 
Center of pressure (COP) location changes (anteroposterior) 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.658 0.024 3.40 <.0001 
Experience 1 0.060 0.060 8.63 0.004 
Height 3 1.426 0.475 68.73 <.0001 
Experience*Height 3 0.066 0.022 3.16 0.029 
Error 84 0.581 0.007     
Total 119 2.790       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 0.833 0.030 6.96 <.0001 
Experience 1 0.041 0.041 9.55 0.003 
Height 1 0.397 0.397 92.85 <.0001 
Contact area 1 0.000 0.000 0.07 0.787 
Experience*Height 1 0.000 0.000 0.09 0.761 
Experience*Contact area 1 0.001 0.001 0.26 0.610 
Height*Contact area 1 0.001 0.001 0.32 0.570 
Experience*Height*Contact 
area 1 0.001 0.001 0.20 
0.659 
Error 84 0.359 0.004     
Total 119 1.634       
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APPENDIX G 
 
Full Analysis of Variance Tables (Chapter 4) 
 
Perceived balance 
 Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 69.242 2.473 2.15 0.004 
Experience 1 3.675 3.675 3.19 0.078 
Height 3 195.775 65.258 56.65 <.0001 
Experience*Height 3 4.342 1.447 1.26 0.295 
Error 84 96.758 1.152     
Total 119 369.792       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 85.900 3.068 3.21 <.0001 
Experience 1 3.675 3.675 3.85 0.053 
Height 1 21.675 21.675 22.68 <.0001 
Contact area 1 2.700 2.700 2.83 0.096 
Experience*Height 1 0.000 0.000 0.00 1.000 
Experience*Contact area 1 0.075 0.075 0.08 0.780 
Height*Contact area 1 0.408 0.408 0.43 0.515 
Experience*Height*Contact 
area 1 0.000 0.000 0.00 1.000 
Error 84 80.267 0.956     
Total 119 194.700       
 
Perceived Discomfort 
Perceived discomfort on neck 
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Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 179.333 6.405 26.20 <.0001 
Experience 1 15.408 15.408 63.03 <.0001 
Height 3 4.425 1.475 6.03 0.001 
Experience*Height 3 1.292 0.431 1.76 0.161 
Error 84 20.533 0.244     
Total 119 220.992       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 162.433 5.801 25.60 <.0001 
Experience 1 11.408 11.408 50.35 <.0001 
Height 1 0.408 0.408 1.80 0.183 
Contact area 1 0.208 0.208 0.92 0.340 
Experience*Height 1 0.008 0.008 0.04 0.848 
Experience*Contact area 1 0.075 0.075 0.33 0.567 
Height*Contact area 1 0.008 0.008 0.04 0.848 
Experience*Height*Contact 
area 1 0.008 0.008 0.04 0.848 
Error 84 19.033 0.227     
Total 119 193.592       
 
Perceived discomfort on trunk 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 77.800 2.779 11.63 <.0001 
Experience 1 6.075 6.075 25.43 <.0001 
Height 3 3.758 1.253 5.24 0.002 
Experience*Height 3 0.425 0.142 0.59 0.621 
Error 84 20.067 0.239     
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Total 119 108.125       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 77.233 2.758 12.35 <.0001 
Experience 1 5.633 5.633 25.21 <.0001 
Height 1 1.633 1.633 7.31 0.008 
Contact area 1 0.033 0.033 0.15 0.700 
Experience*Height 1 0.133 0.133 0.60 0.442 
Experience*Contact area 1 0.000 0.000 0.00 1.000 
Height*Contact area 1 0.133 0.133 0.60 0.442 
Experience*Height*Contact 
area 1 0.300 0.300 1.34 0.250 
Error 84 18.767 0.223     
Total 119 103.867       
 
Perceived discomfort on low back 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 150.033 5.358 5.42 <.0001 
Experience 1 0.008 0.008 0.01 0.927 
Height 3 40.292 13.431 13.59 <.0001 
Experience*Height 3 1.425 0.475 0.48 0.697 
Error 84 83.033 0.989     
Total 119 274.792       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 156.267 5.581 6.89 <.0001 
Experience 1 0.075 0.075 0.09 0.762 
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Height 1 6.075 6.075 7.50 0.008 
Contact area 1 5.208 5.208 6.43 0.013 
Experience*Height 1 0.408 0.408 0.50 0.480 
Experience*Contact area 1 0.075 0.075 0.09 0.762 
Height*Contact area 1 0.408 0.408 0.50 0.480 
Experience*Height*Contact 
area 1 0.075 0.075 0.09 0.762 
Error 84 68.000 0.810     
Total 119 236.592       
 
Perceived discomfort on hip/thigh 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 119.900 4.282 5.92 <.0001 
Experience 1 0.300 0.300 0.41 0.521 
Height 3 30.567 10.189 14.08 <.0001 
Experience*Height 3 0.167 0.056 0.08 0.972 
Error 84 60.767 0.723     
Total 119 211.700       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 120.667 4.310 8.51 <.0001 
Experience 1 0.008 0.008 0.02 0.898 
Height 1 3.008 3.008 5.94 0.017 
Contact area 1 0.075 0.075 0.15 0.701 
Experience*Height 1 0.008 0.008 0.02 0.898 
Experience*Contact area 1 0.208 0.208 0.41 0.523 
Height*Contact area 1 0.008 0.008 0.02 0.898 
Experience*Height*Contact 
area 1 0.408 0.408 0.81 0.372 
Error 84 42.533 0.506     
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Total 119 166.925       
 
Perceived discomfort on lower leg 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 245.875 8.781 7.27 <.0001 
Experience 1 0.019 0.019 0.02 0.901 
Height 3 145.073 48.358 40.02 <.0001 
Experience*Height 3 2.623 0.874 0.72 0.541 
Error 84 101.492 1.208     
Total 119 495.081       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 242.067 8.645 8.89 <.0001 
Experience 1 0.300 0.300 0.31 0.580 
Height 1 14.700 14.700 15.12 <.0001 
Contact area 1 2.700 2.700 2.78 0.099 
Experience*Height 1 0.533 0.533 0.55 0.461 
Experience*Contact area 1 0.133 0.133 0.14 0.712 
Height*Contact area 1 0.133 0.133 0.14 0.712 
Experience*Height*Contact 
area 1 1.633 1.633 1.68 0.198 
Error 84 81.667 0.972     
Total 119 343.867       
 
Perceived discomfort on foot 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 186.258 6.652 3.52 <.0001 
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Experience 1 1.302 1.302 0.69 0.409 
Height 3 411.256 137.085 72.59 <.0001 
Experience*Height 3 3.540 1.180 0.62 0.601 
Error 84 158.642 1.889     
Total 119 760.998       
 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 216.658 7.738 5.15 <.0001 
Experience 1 1.302 1.302 0.87 0.354 
Height 1 41.419 41.419 27.59 <.0001 
Contact area 1 1.302 1.302 0.87 0.354 
Experience*Height 1 3.169 3.169 2.11 0.150 
Experience*Contact area 1 0.919 0.919 0.61 0.436 
Height*Contact area 1 2.269 2.269 1.51 0.222 
Experience*Height*Contact 
area 1 0.752 0.752 0.50 0.481 
Error 84 126.108 1.501     
Total 119 393.898       
 
Overall perceived discomfort 
Source 
Degree 
of 
Freedom 
Sum of 
Squares 
Mean 
Squares F P-Value 
Subject(Experience) 28 178.542 6.376 5.33 <.0001 
Experience 1 1.102 1.102 0.92 0.340 
Height 3 226.856 75.619 63.25 <.0001 
Experience*Height 3 2.906 0.969 0.81 0.492 
Error 84 100.425 1.196     
Total 119 509.831       
 
Source Degree Sum of Mean F P-Value 
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of 
Freedom 
Squares Squares 
Subject(Experience) 28 198.667 7.095 7.94 <.0001 
Experience 1 0.533 0.533 0.60 0.442 
Height 1 20.833 20.833 23.31 <.0001 
Contact area 1 1.200 1.200 1.34 0.250 
Experience*Height 1 1.200 1.200 1.34 0.250 
Experience*Contact area 1 0.033 0.033 0.04 0.847 
Height*Contact area 1 0.133 0.133 0.15 0.700 
Experience*Height*Contact 
area 1 0.033 0.033 0.04 0.847 
Error 84 75.067 0.894     
Total 119 297.700       
 
 
 
 
